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The Latin Square design 

The Latin square design is used where the researcher desires to control the 
variation in an experiment that is related to rows and columns in the field. 

Field marks: 

• Treatments are assigned at random within rows and columns, with each 
treatment once per row and once per column. 

• There are equal numbers of rows, columns, and treatments. 

• Useful where the experimenter desires to control variation in two 
different directions 

Sample layout: 

Different colors represent different treatments. There are 4 treatments (A-D) 
assigned to 4 rows (I-IV) and 4 columns (1-4). 




Row I A B C D 

Row II C D A B 

Row III D C B A 

Row IV B A D C 

Column 12 3 4 



ANOVA table format: 
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^here r=number of treatments, rows, and columns. 



Sample ANOVA table: 



Source of 
variation 


Degrees of 
freedom 


Sums of 
squares (SSQ) 


Mean 
square (MS) 


F 


Rows 


3 


40.77 


13.59 


5.91 a 


Columns 


3 


125.39 


41.80 


18.16 3 


Treatments 


3 


160.57 


53.52 


23.26 a 


Error 


6 


13.81 


2.30 




Total 


15 


340.54 






a F test with 3,6 degrees of freedom at />=0.05 is 4.76 



Sample SAS GLM statements: 

PROC GLM; 

CLASS ROWS COLUMNS TREATS ; 

MODEL WHATEVER = ROWS COLUMNS TREATS; 
RUN; 



Compare with: 

• Randomized Complete Block (RCBV. treatments are repeated once per 
block in only one direction 
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The cardiac transcription factors Nkx2-5 and GATA-4 
are mutual cofactors 
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The tissue-restricted GATA-4 transcription factor and 
Nkx2-5 homeodomain protein are two early markers 
of precardiac cells. Both are essential for heart form- 
ation, but neither can initiate cardiogenesis. Over- 
expression of GATA-4 or Nkx2-5 enhances cardiac 
development in committed precursors, suggesting each 
interacts with a cardiac cofactor. We tested whether 
GATA-4 and Nkx2-5 are cofactors for each other by 
using transcription and binding assays with the cardiac 
atrial natriuretic factor (ANF) promoter — the only 
known target for Nkx2-5. Co-expression of GATA-4 
and Nkx2-5 resulted in synergistic activation of the 
ANF promoter in heterologous cells. The synergy 
involves physical Nkx2-5-GATA-4 interaction, seen 
in vitro and in vivo, which maps to the C-terminal 
zinc finger of GATA-4 and a C-terminus extension; 
similarly, a C-terminally extended homeodomain of 
Nkx2-5 is required for GATA-4 binding. Structure/ 
function studies suggest that binding of GATA-4 to 
the C-terminus autorepressive domain of Nkx2-5 may 
induce a conformational change that unmasks Nkx2-5 
activation domains. GATA-6 cannot substitute for 
GATA-4 for interaction with Nkx2-5. This interaction 
may impart functional specificity to GATA factors and 
provide cooperative crosstalk between two pathways 
critical for early cardiogenesis. Given the co-expression 
of GATA proteins and NK2 class members in other 
tissues, the GATA/Nkx partnership may represent a 
paradigm for transcription factor interaction during 
organogenesis. 

Keywords: ANF/cardiogenesis/GATA factors/ 
homeodomain/transcription 



Introduction 

The GATA family of transcription factors are key develop- 
mental regulators that have been conserved throughout 
evolution (Fu and Marzluf, 1990; Spieth et al. t 1991; 
Winick et aL, 1993; Stanbrough et aL, 1995; Coffman 
et aL, 1996; Piatt et aL, 1996). Various family members 



have been shown to alter transcription of target genes via 
binding to the consensus WGATAR sequence through a 
DNA-binding domain consisting of two adjacent zinc- 
fingers of the C2/C2 family. Sequence-specific DNA- 
binding requires the C-terminal zinc-finger and the 
N-terminal finger may stabilize the DNA-protein complex 
via electrostatic interactions with the phosphate backbone 
(Whyatt et aL, 1993). This DNA-binding domain is 
the highest conserved region among the various GATA 
proteins. In vertebrates, six members have been identified 
so far and they can be divided into two subgroups based 
on sequence homology and tissue distribution. The first 
subgroup, which includes GATA-1, -2 and -3, is largely 
restricted to the hematopoietic system where all three 
GATA factors have been shown to play essential, non- 
redundant functions (Tsai et aL, 1994; Pandolfi et aL, 
1995; Fujiwarae/a/., 1996; Tinge/ a/., 1996). Remarkably, 
arrested proerythroblasts lacking GATA-1 express several 
GATA-1 target genes although they are unable to achieve 
terminal erythroid differentiation (Weiss et aL, 1994), 
raising the possibility that GATA-2— which is co- 
expressed with GATA-1 in proerythroblasts — may partially 
substitute for GATA-1. Consistent with this, GATA factors 
appear to be functionally interchangeable in some (Blobel 
et aL, 1995; Visvader et aL, 1995) but not all (Briegel 
et aL, 1993; Weiss et aL, 1994) in vitro assays. Taken 
together with the in vivo data, these results suggest that 
functional specificity of GATA proteins likely involves 
interactions with other cell-restricted cofactors. Consistent 
with this hypothesis, GATA-1 was found to interact with 
the erythroid-specific LIM protein RBTN2 and to be 
present in complexes containing RBTN2 and the hemato- 
poietic basic helix-loop-helix protein SCL/TAL1 (Osada 
et aL, 1995). GATA-1 was also shown to cooperate with 
the ubiquitous SP1 protein and with two other erythroid 
factors, the basic leucine zipper NFE-2 (Walters and 
Martin, 1992; Gong and Dean, 1993) and the zinc finger 
EKLF (Merika and Orkin, 1995; Gregory et aL, 1996) 
for transcriptional activation of erythroid promoters/ 
enhancers. At least, in the case of SP1 and EKLF, the 
interaction was also observed with GATA-2 and involved 
direct contact through the DNA-binding domains (Merika 
and Orkin, 1995). Thus, the identity of the proteins that 
serve as cofactor(s) to impart functional specificity of 
GATA proteins in the hematopoietic system remains essen- 
tially unknown. 

The other subclass of vertebrate GATA factors includes 
GATA-4, -5 and -6 whose expression is restricted to the 
heart and gut (Arceci et aL, 1993; Kelley et aL, 1993; 
Grepin et aL, 1994; Laverriere et aL, 1994; Jiang and 
Evans, 1996). All three genes are transcribed at very early 
stages of Xenopus, avian and mouse cardiac development 
(Kelley et aL, 1993; Heikinheimo et aL, 1994; Laverriere 
et aL, 1994; Jiang and Evans, 1996; Morrisey et aL, 1996). 
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Within the heart, transcripts for GATA-4, -5 and -6 
are found in distinct cell types with GATA-5 mRNA 
predominantly found in endocardial cells while GATA-4 
and -6 are present in the myocardium (Kelley et al, 1993; 
Grepin et al, 1994; Morrisey et al, 1996). The spatial 
and temporal expression of GATA-4 together with various 
functional studies are consistent with an important role of 
this GATA family member in cardiogenesis. Thus, GATA-4 
was found to be a potent transactivator of several cardiac- 
specific promoters (Grepin et al, 1994; Ip et al, 1994; 
Molkentin et al, 1994); inhibition of GATA-4 expression 
in an in vitro model of cardiogenesis altered survival of 
precardiac cells and inhibited terminal cardiomyocyte 
differentiation (Grepin et al, 1995, 1997). Moreover, 
targeted inactivation of the GATA-4 gene blocks formation 
of the primitive heart tube, indicating a crucial role for 
GATA-4 in heart development (Kuo et al, 1 997; Molkentin 
et al, 1997). However, ectopic expression of GATA-4 is 
not sufficient to initiate cardiac differentiation or to activate 
the cardiac genetic program, although it markedly potenti- 
ates cardiogenesis (Jiang and Evans, 1996; GrSpin et al, 
1997) suggesting cooperative interaction between GATA-4 
and other cardiac transcription factors. 

Genetic studies in Drosophila melanogaster have identi- 
fied the gene Tinman as a key regulator of heart differenti- 
ation. In tin embryos, flies lack the dorsal vessel, the fly 
structure homologous to the heart, as a result of defects 
in late mesoderm specification (Bodmer et al, 1990; 
Azpiazu and Frasch, 1993; Bodmer, 1993). Presumptive 
homologues of Tinman have been cloned in vertebrates 
(Nkx2-3, Nkx2-5 and Nkx2-7) and are expressed in the 
myocardium (reviewed in Harvey, 1996; see also Lints 
et al, 1993; Tonissen et al, 1994; Evans et al, 1995; 
Schultheiss et al, 1995; Buchberger et al, 1996; Chen 
and Fishman, 1996; Lee et al, 1996). Targeted disruption 
of the Nkx2-5 gene in mice leads to embryonic death due 
to cardiac morphogenetic defects (Lyons et al, 1995). 
However, gain-of-function studies in zebrafish Danio rerio 
and Xenopus laevis indicate that ectopic expression of 
Nkx2-5 results in enhanced myocyte recruitment but 
is not sufficient to initiate cardiac gene expression or 
differentiation (Chen and Fishman, 1996; Cleaver et al, 
1996), suggesting that Nkx2-5 acts in concert with other 
transcription factors to specify the cardiac phenotype. 

Since the cardiac-specific atrial natriuretic factor (ANF) 
promoter is a transcriptional target for both GATA-4 and 
Nkx2-5 (Grepin et al, 1994; Durocher et al, 1996), we 
used it to investigate functional cooperation between 
Nkx2-5 and GATA-4 in the heart. We present data showing 
that Nkx2-5 and GATA-4 specifically cooperate in activat- 
ing ANF and other cardiac promoters, and physically 
interact both in vitro and in vivo. This molecular interaction 
provides the interesting possibility that instead of being 
part of the same epistatic group, the two pathways collabor- 
ate in the early events of cardiogenesis. 

Results 

GATA-4 and Nkx2-5 synergistically activate cardiac 
transcription 

Recent studies from our laboratory have demonstrated 
that two cardiac-specific transcriptional pathways converge 
on the ANF promoter (Grepin et al, 1994; Durocher 



Structure of the proximal rANF promoter 




Fig. 1. Nkx2-5 and GATA-4 can cooperate transcriptionally. 
(A) Structural organization of the proximal ANF promoter. Regulatory 
elements of the ANF promoter are boxed, and their location relative to 
the transcription start are indicated. The PERE corresponds to the 
phenylephrine response element (Ardati and Nemer, 1993), the NKE 
to the NK2 response element (Durocher et al., 1996). The Nkx2-5 
binding site and the GATA elements of the ANF promoter are 
conserved among species (rat, human, bovine and mouse promoters) 
and their spacing is conserved (20 bp, two turns of the DNA double 
helix). (B) GATA-4 and Nkx2-5 synergistically activate the ANF 
promoter. HeLa cells were transiently co-transfected as described in 
Materials and methods using CMV-driven expression vectors for 
GATA-4 and Nkx2-5 or the backbone vector as control (pCGN) in 
conjunction with either ANF-luciferase or Tkl09-luciferase reporters. 
The results, expressed as fold induction of reporter constructs, are 
from one representative experiment (out of at least four) and represent 
the mean of a duplicate. 

et al, 1996), ANF being the major secretory product of 
embryonic and postnatal cardiomyocytes. The region of 
the ANF promoter which is essential for high basal cardiac 
activity (Argentin et al, 1994) harbors a GATA element 
located at -120 bp in the rat promoter which binds 
with high affinity all the members of the cardiac GATA 
subfamily (F.Charron et al, manuscript in preparation), 
and the NKE which binds Nkx2-5 and is required for 
ANF promoter and enhancer function (Durocher et al, 
1996). As seen in Figure 1A, the nucleotide composition 
of these elements as well as their phasing are conserved 
across species, suggesting an evolutionary pressure to 
maintain important regulatory pathways. This led us to 
investigate whether GATA proteins and Nkx2-5 could 
functionally interact at the level of the ANF promoter. We 
tested this hypothesis by co-transfecting GATA-4 and 
Nkx2-5 expression vectors in non-cardiac cells (HeLa 
cells) at limiting DNA concentrations (Grepin et al, 1994; 
Durocher et al, 1996) in order to avoid squelching. Under 
these conditions, GATA-4 and Nkx2-5 were able to activate 
synergistically the ANF promoter but not control pro- 
moters lacking GATA and NKE sites such as TK109 
(Figure IB). This cooperative response was not caused by 
transactivation of the CMV promoter which drives Nkx2-5 
and GATA-4 expression since the co-expression of both 
vectors does not alter the level of either Nkx2-5 or 
GATA-4 protein (see Figure 6B). 
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Fig. 2. A subset of cardiac promoters are synergistically activated by 
the Nkx2-5-GATA-4 combination. (A) HeLa cells were transiently 
co-transfected as described in Figure 1 using various cardiac 
promoters linked to the luciferase reporter. ANF represents the rat 
ANF -135 construct; p-MHC, the rat -667 bp promoter; a-MHC, the 
rat -613 bp promoter whereas BNP represents the rat -2 kbp promoter. 
(B) The synergy between GATA-4 and Nkx2-5 requires both binding 
sites in the context of the ANF promoter. Transient co-transfections in 
HeLa cells were carried out as described in the previous figures and 
the promoter described represents either the -135 bp promoter (WT), 
the A-106/-135 bp promoter which removes the GATA element and 
the A-57/-106 bp promoter which removes the NKE site. (C) GATA-4 
binding to DNA is required for synergy. A point mutant of GATA-4 
(C273G) which does not bind DNA in vitro and which cannot activate 
GATA-dependent promoters was used in a co-transfection assay with 
or without Nkx2-5. 



The relevance of this synergy to cardiac transcription 
was further assessed by co-transfecting Nkx2-5 and 
GATA-4 with other cardiac promoters including ANF, 
p-MHC, a-MHC and the B-type natriuretic peptide (BNP) 
reporters. Under the conditions used in Figure 1, a subset 
of promoters that contain both NKE and GATA elements 
could be synergistically activated by the combination of 
Nkx2-5 and GATA-4 (Figure 2A). Thus, BNP promoter 
which is a GATA-4 target (Argentin et ai, 1994) responds 
synergistically to Nkx2-5 and GATA-4. Interestingly, 
sequences with high homology to the NKE are present 
around -385 and -437 bp and are conserved across species; 



promoter fragments lacking these putative NKEs are no 
longer responsive to Nkx2-5/GATA synergy (data not 
shown). On the other hand, neither additive nor synergistic 
effects were observed on the a-MHC and the p-MHC 
promoters in response to Nkx2-5 and GATA-4 at all 
different DNA concentrations tested (Figure 2A and data 
not shown). These data suggest that only a subgroup of 
cardiac genes are targeted by both transcription factors 
and that both NKE and GATA sites are required for 
synergy. This hypothesis was further tested using ANF 
promoter mutants deleted of either the GATA or the NKE 
elements. As shown in Figure 2B, there appears to be an 
absolute requirement for both elements to achieve synergy. 
The same results were obtained using BNP promoters 
containing only GATA sites or heterologous promoters 
with multimerized GATA elements (data not shown). This 
suggests that, in natural promoters, both proteins have to 
be recruited at the promoter or require a conformational 
change induced upon DNA-binding. Indeed, a GATA-4 
mutant that no longer binds DNA because one of the 
zinc-coordinating cysteines in the carboxy-terminal zinc 
finger was mutated, no longer supports Nkx2-5 synergy 
(Figure 2C). 

Since multiple GATA and homeobox proteins are 
expressed in the heart, we investigated the specificity of 
the synergy. In co-transfection assays using the proximal 
- 135 bp ANF promoter as reporter, we found that Nkx2-5 
was able cooperatively to activate transcription of the 
ANF reporter only with GATA-4 and GATA-5 (Figure 
3 A). No synergy was observed with either GATA-1 or 
GATA-6. Since GATA-6 is as potent as GATA-4 in 
transactivating the ANF promoter (our unpublished data), 
the results suggest that transcriptional cooperativity 
between Nkx2-5 and GATA proteins requires specific 
molecular/structural determinants on the GATA-4 and 
-5 proteins. The same approach was used to identify 
homeoproteins that could cooperate with GATA-4, includ- 
ing other NK2 proteins (TTF-1/Nkx2-1; Guazzi et aL, 
1990; Lints et a/., 1993), Hox proteins (HoxB3), Pou 
proteins (Octl; Sturm et aL, 1988) or bicoid-relalcd 
homeoboxes (Ptxl; Lamonerie et al., 1996). Transcrip- 
tional cooperativity was observed with the members of 
the Antp superfamily Nkx2-5, TTF-1 and HoxB3, but not 
with Octl and Ptxl (Figure 3B). These results suggest 
that the Antp-tyys homeodomain plays an important role 
in the specificity of the synergy. 

We then used deletion mutants of both Nkx2-5 and 
GATA-4 to map the domains involved in synergy over 
the ANF promoter. All mutant proteins were tested for 
expression level and nuclear localization (data not shown). 
The analyses revealed that, in addition to the DNA-binding 
domain (Figure 2C), two GATA-4 domains are required 
for the synergy, one located within the N-terminal 119 
amino acids of the protein, and the second in the C-terminal 
121 amino acids (Figure 4). Both domains contain GATA-4 
activation domains although the presence of either domain 
is sufficient for transactivation of GATA-dependent pro- 
moters in heterologous cells (Figure 4B). The observation 
that both domains are required for cooperative interaction 
with Nkx2-5, suggests that synergistic interaction between 
these two domains may be required for Nkx2-5- induced 
transcriptional activation of the ANF promoter or that 
each domain fulfills a distinct function. Mutational analysis 
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Fig. 3. The synergy is specific for a subset of cardiac GATA proteins 
and Antp-type homeoproteins. (A) Co-transfection assays in HeLa cells 
using various GATA expression vectors were done in presence (+) or 
absence (-) of the Nkx2-5 expression vector. Ctrl represents the 
backbone vector for most of the GATA constructs (pCGN). 
(B) Co-transfection assays in HeLa cells were performed in the 
presence of various homeodomain protein expression vectors in 
absence (-) or in presence (+) of GATA-4 (+,0.1 |xg; ++, 0.25 ug). 



of Nkx2-5 showed that, while the homeodomain is critical 
for Nkx-GATA synergy, domains outside the homeobox, 
particularly sequences C-terminus of the homeodomain, 
are also important (Figure 5A). Thus, neither the homeo- 
domain (122-203), nor in fusion with the N-terminal 
regions of Nkx2-5 (1-203) is able to stimulate GATA-4 
activity. Deletion of the entire C-terminal region totally 
impairs the ability of Nkx2-5 to stimulate GATA-4 tran- 
scription while partial deletions of the C-terminus (1-246 
and A204-246) reduce consistently the extent of synergy 
observed without completely abolishing it. This result 
suggests that these two regions of the C-terminus are 
only partially redundant or that the functional interaction 
between Nkx2-5 and GATA-4 requires an 'extended' 
homeodomain in the C-terminus. The C-terminus is not 
known as a transcriptional activation domain, in fact; it 
appears to be an autorepression domain since its deletion 
leads to superactivation (Figure 5B). Thus, the requirement 
for the C-terminus suggests that GATA-4 physically inter- 
acts with Nkx2-5 to cause a conformational change and 
derepress (or unmask) Nkx2-5 activation domains. 

GATA-4 and Nkx2-5 physically interact in vitro and 
in vivo 

We first assessed possible physical interaction between 
Nkx2-5 and GATA-4 using pull-down assays with 
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Fig. 4. The synergy requires both activation domains of GATA-4. 
(A) GATA-4 vectors (50 ng/35 mm dish) expressing truncated 
GATA-4 proteins able to translocate to the nucleus were used in co- 
transfection assays with or without the Nkx2-5 expression vector. Ctrl 
represents the backbone vector. The results are expressed as fold 
stimulation of Nkx2-5 activation (equivalent to fold synergy where the 
value of 1 represents no synergy, i.e. the ratio between the activity of 
the reporter in the presence of the GATA deletion mutant plus Nkx2-5 
over the activity of the reporter only in the presence of the GATA 
deletion mutant). (B) GATA-4 activation domains are located both at 
the C- and N-termini. GATA-4 vectors were transfected in HeLa cells 
at the dose of 0.2 ug/dish with the ANF -135 bp luciferase reporter. 



immobilized MBP-Nkx2-5 and in vzVro-translated, 35 S~ 
labeled GATA-4 (Figure 6A). MBP-Nkx2-5 was able to 
retain GATA-4 specifically while a MBP-LacZ control 
fusion could not retain GATA-4 on the column and the 
immobilized Nkx2-5 could not interact with labeled control 
luciferase (Figure 6A). The interaction between GATA-4 
and Nkx2-5 was also observed in the presence of ethidium 
bromide, suggesting that this interaction occurs without 
DNA bridging (data not shown). In order to ascertain the 
in vivo relevance of this interaction, co-immunoprecipit- 
ations were performed on nuclear extracts from 293 cells 
transfected with expression vectors for wild-type GATA-4 
or HA-tagged Nkx2-5 alone or in combination. Nuclear 
extracts from these transfected cells were then incubated 
with the monoclonal antibody 12CA5 which recognizes 
the HA epitope. Immunocomplexes were separated on 
SDS-PAGE, subjected to Western blotting and visualized 
with the anti-GATA-4 antibody. As seen in Figure 6B, 
GATA-4 protein was precipitated by the 12CA5 mAb 
solely when both proteins were expressed, implying either 
a direct or indirect contact with Nkx2-5. 

Next, deletion mutants of GATA-4 were generated in 
order to map the region(s) of GATA-4 protein involved 
in physical interaction with Nkx2-5. Figure 7 A displays 
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Fig. 5. The synergy requires the C-terminus of Nkx2-5. 

(A) CMV-driven vectors, expressing various deletions of Nkx2-5, were 
used in co-trans fection assays as described in Figure 4A, where 
Nkx2-5 concentration was kept at 0.5 ug/35 mm dish. Ctrl represents 
the backbone vector without insert. The data are expressed as fold 
stimulation of GATA-4 activation which is calculated by the ratio of 
the reporter activation when GATA-4 and Nkx2-5 expression vectors 
are present over the reporter activation when GATA-4 alone is present. 

(B) The C-terminus domain of Nkx2-5 is an auto-inhibitory domain 
that masks an activation domain located N-terminal of the 
homeodomain. Co-transfections in HeLa cells were carried out with an 
optimal dose of pCGN-Nkx2-5 constructs (2 ug/dish) on the ANF 
-135 bp promoter. The results depict the mean of six independent 
experiments. 

the results of the binding studies and the left panel of 
Figure 8A shows the structure of the deletion mutants and 
summarizes their behavior in pull-down and transfection 
assays. The Nkx2-5 interaction domain seems to map to 
the second zinc-finger and a C-terminal basic region that 
is not part of any known activation domain of GATA-4. 
This localization is consistent with the observation that 
the physical interaction requires zinc ions, since pull- 
down assays in the presence of chelating agents (EDTA 
and phenanthroline) abolish the interaction (data not 
shown). Unfortunately the requirement of the Nkx2-5 
binding domain for the synergy could not be assessed 
since it is part of a basic region essential for the nuclear 
targeting of GATA-4 (F.Charron et aL, unpublished 
results). Interestingly, neither G ATA- 1 nor GATA-6, which 
do not transcriptionally synergize with Nkx2-5, could be 
retained on the MBP-Nkx2-5 column, suggesting that 
physical interaction is required for functional cooperativity. 

The same approach was also used to map the GATA-4 
interaction domain on Nkx2-5. A series of Nkx2-5 deletion 
mutants were bacterially produced in fusion with MBP, 
quantified and assayed for their ability to interact with 
35 S-labeled GATA-4. The results of these binding assays 
revealed that both the homeodomain and its C-terminal 
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Fig. 6, GATA-4 and Nkx2-5 physically interact in vitro and in vivo. 
(A) GATA-4 and Nkx2-5 interact in vitro. Pull-down protein-protein 
binding assays were performed using immobilized, bacterially 
produced MBP fusions (MBP-Nkx2-5 and MBP-LacZ as control) and 
either 35 S-labeled GATA-4 or luciferase protein. After incubation, the 
protein complexes were spun, extensively washed and separated on a 
10% SDS-PAGE. Labeled proteins were visualized and quantified by 
autoradiography on phosphor plates. (B) GATA-4 and Nkx2-5 interact 
in vivo. Nuclear extracts from the simian kidney cell line 293 
transfected with either the backbone vectors (mock), GATA-4 
expression vector alone (GATA-4), HA-tagged Nkx2-5 (Nkx2-5), or a 
combination of GATA-4 and HA-Nkx2-5 (GATA-4/Nkx2-5) were used 
for immunoprecipitation. 60 ug of nuclear extract were incubated with 
the mAb 12CA5 and precipitated with protein -G-agarose. The top 
panel represents the immunocomplex separated by electrophoresis and 
blotted with an anti-GATA-4 polyclonal antibody. The bottom two 
panels represent Western blots on the transfected nuclear extracts 
(20 ug) using either the anti-GATA-4 Ab (middle panel) or the 
anti-HA (12CA5) mAb. The white ghost bands are produced by the 
immuglobulin heavy chains that co-migrate with GATA-4 on 
SDS-PAGE. 

region are required for physical interaction (Figures 7B and 
8 A). The homeodomain by itself (122-203) or extended to 
contain the N-terminal domain (1-203) were insufficient 
for physical interaction. However, when the homeodomain 
was fused to parts of the C-terminal (1-246 and A204- 
246) the fusion proteins regained the ability to bind 
GATA-4, suggesting that the C-terminal extension pro- 
vided an essential docking site for the GATA protein or 
was required for the proper folding of the homeodomain. 
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Fig. 7. The physical interaction maps near the C-terminal zinc-finger 
of GATA-4 and to the C-terminally extended homeodomain of 
Nkx2-5. (A) Luciferase (luc) or deletion mutants of GATA-4 were 
translated and labeled with [ 35 S]methionine to be subsequently used in 
pull-down assays with full-length MBP-Nkx2-5 as described in Figure 
6. (B) A series of immobilized deletion mutants of Nkx2-5, in fusion 
with the maltose binding protein (MBP), were produced in bacteria, 
quantified on gel, and used in pull-down assays with in vitro translated 
GATA-4. AHD represents Nkx2-5 A122-203. Protein complexes were 
separated by electrophoresis and GATA-4 protein was visualized by 
autoradiography on phosphor plates. 



It is noteworthy that these results are in complete agree- 
ment with the transfection data and indicate that the 
determinants of Nkx2-5 and GATA-4 interaction reside 
mostly in the homeodomain and a C-terminal extension. 
Collectively, the results also suggest that functional 
synergy between Nkx2-5 and GATA-4 requires physical 
interactions of the two proteins. 



Discussion 

Transcription factors GATA-4 and Nkx2-5 are two of the 
earliest markers of precardiac cells and, as evidenced by 
gene inactivation studies (Lyons et al, 1995; Kuo et al, 
1997; Molkentin et al, 1997), both play critical roles in 
cardiogenesis. The data presented here show that GATA-4 
and Nkx2-5 interact physically and synergistically to 
activate cardiac transcription, suggesting functional con- 
vergence of two critical cardiac pathways. 



Modulation of Nkx2-5 activity by GATA-4 

Members of the GATA family of transcription factors 
(GATA-1, -2 and -3) have been shown to interact with 
other classes of nuclear proteins containing Lirn domain 
(Osada et al, 1995), zinc finger (Merika and Orkin, 1995; 
Gregory et al., 1996), and basic leucine zipper (Walters 
and Martin, 1992; Gong and Dean, 1993; Kawana et al., 
1995) motifs. The present work demonstrates that GATA 
factors are also able to interact with homeodomain- 
containing proteins of the NK2 and Antp type. This 
GATA-Nkx interaction is so far the first example of zinc 
finger-homeodomain interaction in vertebrates. The only 
other known zinc finger-homeodomain cooperation is in 
Drosophila, where it was recently shown that the orphan 
nuclear receptor aFtz-Fl is a cofactor for the homeo- 
domain protein Ftz (Guichet et al, 1997; Yu et al, 1997); 
in this case, the physical association between aFtz-Fl and 
Ftz is thought to enhance the binding of the Ftz to its 
lower-affinity target sequences (Guichet et al, 1997; Yu 
et al, 1997), much in the same way that Extradenticle 
and Pbx modulate the DNA binding activity of Hox 
proteins (Phelan et al, 1995; Lu and Kamps, 1996; 
Peltenburg and Murre, 1997). The interaction of GATA-4 
with Nkx2-5 does not appear to result in cooperative DNA 
binding since neither protein appears to alter the affinity 
or sequence specificity of the other; moreover, the presence 
of both GATA and NKE sites does not enhance either 
GATA-4 or Nkx2-5 binding to their sites, as evidenced 
by gel shift assays using nuclear extracts containing both 
proteins or each one separate (data not shown). Instead, 
the data suggest that GATA-4 interaction with Nkx2-5 
serves to unmask the activation domains of Nkx2-5 as 
illustrated in Figure 8B; this would be reminiscent of the 
Extradenticle-induced conformational change, that 
switches Hox proteins from repressors to activators (Chan 
et al, 1996; Peltenburg and Murre, 1997). 

The region of GATA-4 that contacts Nkx2-5 spans the 
second zinc finger and a -40 amino acid C-terminal 
extension (Figure 8A, left panel). This represents a highly 
conserved segment among the cardiac GATA-4, -5 and 
-6 proteins with an overall 85-95% homology; notable 
differences between GATA-4 and -6 (but not GATA-4 
and -5) that may account for the differential interaction 
with Nkx2-5 are found in the hinge region (aa 243- 
270) preceding the second zinc finger and three non- 
conservative changes that affect phosphorylatable residues 
(H244S, N250S, S262P). The differential interaction of 
GATA proteins with Nkx2-5 reveals for the first time 
differences between GATA proteins in an in vitro assay. 

Is Nkx2-5 a specificity cofactor for GATA-4? 

Two GATA proteins, GATA-4 and -6, are present in the 
myocardium and both are potent activators of cardiac 
transcription. However, inactivation of the GATA-4 gene 
arrests cardiac development at a very early stage, despite 
marked up-regulation of GATA-6 arguing for specificity 
of GATA-4 and -6 function (Kuo et al, 1997; Molkentin 
et al, 1997). The up-regulation of GATA-6 might, at 
least partially, account for ANF expression in presumed 
cardiogenic cells of the GATA-4^ embryos (Molkentin 
et al, 1997), much like up-regulation of GATA-2 in 
GATA-1^ pre-erythrob lasts might explain globin gene 
expression in the absence of GATA-1. However, it should 
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Table L Evolutionaiy conservation of the GATA-NK2 interaction on muscle 


promoters 






Gene Species 


Promoter sequence 


GATA 


NK2 


Referent*^ 


ANF vertebrates 
Myo-2 Celegans 
D-Mef Drosophila 


TGATAACTT (N 20 ) CGCCGCAAGTG 
TAAAGTGGTTGTGTGGATAA 
GGATAAGGGGCTCAAGTGG 
CACTTGAGACCGGGGCTCGCTATCG 


GATA-4 
elt-2 (?) 
pannier (?) 


Nkx2-5 
Ceh-22 
Tinman 


this study 

Okkema and Fire (1994) 
Gajewski et al (1997) 


Conserved GATA or NICE motifs 


are depicted in bold letters. 









contains juxtaposed GATA and NKE sites (Table I); while 
the NKEs are necessary, they are not sufficient for cardiac 
expression, thus raising the possibility of an interaction 
with other factors (Gajewski et al., 1997). Moreover, in 
Caenorhabditis elegans, two members of the GATA family 
have been described (elt-1 and -2; Spieth et al 1991- 
Hawkins and McGhee, 1995) whose expression is found 
in gut and perhaps pharyngeal muscles, and GATA ele- 
ments are necessary for tissue-specific transcription in 
those tissues (Okkema and Fire, 1994; Egan et al., 1995). 
Moreover, at least one member of the NK2 family, CEH- 
22, is also expressed in C.elegans pharyngeal muscle and 
has been implicated in activation of the muscle-specific 
myosin heavy chain (Myo-2) enhancer (Okkema and Fire 
1994). Interestingly, the Myo-2 enhancer requires the 
closely linked GATA and NKE sites (Table I) for muscle 
expression (Okkema and Fire, 1994). Thus, at least in 
muscle cells the GATA and Nkx interactions appear to 
have been evolutionarily conserved. 

Materials and methods 

Cell cultures and transfections 

SJ^fJ? 293 CeIls Were 8 rown in Recce's modified Eagle's medium 
(DMEM) supplemented with 10% fetal calf serum. Transfections were 
earned out using calcium phosphate precipitation 24 h after plating. At 
36 n post-transfection, cells were harvested and luciferase activity 
was assayed with an LKB luminometer and the data were recorded 
automatically. In all experiments, RSV-hGH was used as internal control 

a r ^ am ° U ! lt ° f reporter was ke P* at 3 »Z P er dish ; toe total amount 
of DNA was kept constant (usually 8 ug). Unless otherwise stated the 
results reported were obtained from at least four independent experiments 
with at least two different DNA preparations for each plasmid. Primary 
cardiocyte cultures were prepared from 1- or 4-day-oId Sprague-Dawlev 
eT a r\<m) m Semnvfree medium M described previously (Argentin 

Plasmids 

ANF-luciferase promoter constructs were cloned in the PXP-2 vector as 
described previously (Argentine/ a/., 1994; Durocher^o/. 1996) The 
construction of the various pCG-GATA-4 vectors was based on the 
original rat GATA-4 cDNA described by Grepin et al (1994) The 
position of the mutation/deletion is indicated on the figures. All constructs 
were sequenced and functionally tested for nuclear translocation and 
DNA-binding activity following transfection in L cells as previously 
described (Grepin et al, 1994). pRSET-GATA-4 derivatives for in vitro 
translation were constructed by insertion of the Xbal-BamHl fragment 
of the corresponding pCG-GATA-4 construct into the Nhel-BamHi sites 
or Nnel-Bgni sites of pRSETA (Invitrogen Corp.). MBP-Nkx2-5 (A203- 
246) was obtained by the insertion of an oligonucleotide corresponding 
to aa 198-203 in the PJU\Sac\\ sites of Nkx2-5. The Sph\Sac\\ 
fragment corresponding to the deletion was then transferred in MBP- 
Sc^am'o^^ 1 ' MBP_Nkx2 " 5 deletions w ere described by Chen and 

Recombinant protein production 

won l™ sformation of BL21(DE3) Escherichia coli strain with the 
MBP fusion vectors derived from pMalc-2 (New England Biolabs) 
individual colonies were picked and grown in 50 ml 2XYT up to an 
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OD of 0.6 at 600 nm. Induction of the recombinant proteins and their 
purification were carried out as previously described (Durocher et al 
1996). In vitro translation of GATA-4 and Nkx2-5 derivatives were 
performed with rabbit reticulocyte lysates using the TNT-coupled in vitro 
transcnption/translation system (Promega Corp., Madison, WI) 

Protein-protein binding assays 

In vitrv binding studies were performed with MBP-Nkx2-5 derivatives 
purified from bacteria and coupled to amylose-Sepharose beads (New 
England Biolabs). GATA-4 derivatives were labeled with [ 35 Slmethionine 
during in vitro ^translation and typically 2-8 ul of labeled GATA proteins 
were incubated in the presence of 300 ng of immobilized Nkx2-5 fusion 
proteins in 400 ul of 1 X binding buffer (150 mM NaCl, 50 mM Tris- 

n < P ?/u' °\ 3% N ° nidet ?A0 > 10 ^ ZnC1 * 1 niM dithiothreitol, 
0.5 mM phenylmethylsulfonyl fluoride, 0.25% BSA) for 2 h at 4°C with 
agitation and then centrifuged for 2 min at 13 000 r.p.m. at room 
temperature^ Beads were washed three times by vortexing in 500 ml of 
binding buffer at room temperature, the protein complexes were released 
alter boiling in Uemmli buffer and resolved by SDS-PAGE Labeled 
proteins were visualized and quantified by autoradiography on phosphor 
storage plates (Phosphorlmager, Molecular Dynamics) 

Immunoprecipitations and immunoblots 

Immunoprecipitations on nuclear extracts of transfected 293 cells were 
done usmg 60 ug of nuclear extract. Extracts were pre-cleared with 
20 ul of normal rabbit serum and 15 ul of agarose-protein G beads 

( Ifin^T 0 ^^ f ° r 2 h at 4 ° C - Bindin S reacti °™ were carried out 
with 40 ul of 12CA5 antibody in 500 ul of IX binding buffer without 
BbA as described in the protein-protein binding assays paragraph for 
2 h at 4°C with agitation without protein G beads and for an additional 
I n with 15 jil of protein G beads. Bound immunocomplexes were 
washed four times in 1 X binding buffer and were resuspended in 20 ul of 
IX Laemmh buffer, boiled and subjected to SDS-PAGE electrophoresis 
Proteins were transferred on Hybond-PVDF membrane and subjected to 
immunoblotting. GATA-4 antibody (Santa-Cruz Biotechnolgy) was used 
at a dilution of 1/1000 and was revealed with biotinylated anti- 
goat antibody (dilution 1/12 000) and avidin-biotinylated horseradish 
peroxidase (HRP) complex (Vectastain). The 12CA5 (anti-Ha) antibody 
was used at a dilution of 1/500 and was a generous gift of Benoit 
Grondin and Muriel Aubry (Grondin et al, 1996). The secondary 
antibody was anti-mouse-HRP and the antigens were visualized with 
chemiluminescence (Kodak). 
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Inherited resistance to activated protein C (APC) is a 
recently identified major cause of thrombosis. It is asso- 
ciated with a mutation in the factor V gene affecting one 
of the cleavage sites for APC. APC resistance was re- 
cently found to be corrected by factor V, suggesting that 
factor V may have anticoagulant properties as a cofactor 
to APC. To elucidate this further, we have studied the 
effect of factor V and protein S, which is a known cofac- 
tor to APC, on APC-mediated degradation of factor Villa 
in a purified system. The APC-mediated degradation of 
factor Villa was monitored by a factor X activation re- 
action using purified factor IXa, phospholipid, and cal- 
cium. In the presence of both factor V and protein S, APC 
was found to inhibit factor VHIa activity efficiently. APC 
alone or together with factor V was ineffective, whereas 
APC in combination with protein S was less efficient 
than when factor V was also included in the reaction. 
Two monoclonal antibodies, one against protein S and 
the other directed toward factor V, were found to inhibit 
the APC cofactor activity of the factor V-protein S mix- 
ture. Factor Va did not express APC cofactor activity, 
and addition of excess factor Va over factor V did not 
inhibit the APC cofactor function of a factor V-protein S 
mixture. In conclusion, the results suggest that factor V 
and protein S work in synergy as phospholipid-bound 
cofactors to APC. 



The blood coagulation cascade is regulated by the protein C 
anticoagulant system (reviewed in Refs. 1-3). Protein C, after 
its activation on the endothelial cell surface by thrombin- 
thrombomodulin, degrades the activated forms of factors Villa 
and Va. The anticoagulant effect of activated protein C (APC) 1 
is potentiated by its cofactor protein S. Protein S, being a vita- 
min K-dependent protein with high affinity for negatively 
charged phospholipid, has been suggested to form a membrane- 
bound 1:1 stoichiometric complex with APC. The physiological 
importance of protein S as anticoagulant is demonstrated by 
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the association between protein S deficiency and thrombosis. 
However, its mode of action is incompletely understood, as the 
APC cofactor activity of protein S is weak in factor Va degra- 
dation systems using purified components (4). 

Results recently presented from our laboratory have sug- 
gested that intact factor V, apart from being a precursor to 
factor Va, may also have anticoagulant properties functioning 
as cofactor to APC (5). This proposal was based on the obser- 
vation that purified factor V corrected the anticoagulant defect 
of plasma from an individuals with inherited resistance to APC. 
APC resistance was originally characterized in a single indi- 
vidual with familial thrombophilia (6). It is now recognized as 
a major basis of venous thrombosis and prevalences between 
20% and 60% in patients with thrombosis have been reported 
(7-11). The observation that factor V corrects the anticoagulant 
defect in APC-resistant plasma suggested that APC resistance 
is caused by mutations in the factor V gene (5). Recently, it was 
found that the same mutation is present in a majority of cases 
with APC resistance (12, 13). The mutation affects one of the 
APC cleavage sites of factor V, changing Arg-506 to Gin. Al- 
though the mutated factor Va is degradable by APC (there are 
several APC cleavage sites in factor Va), the mutation probably 
results in a qualitative resistance to APC, which affects the 
activation rate of the coagulation cascade. 

The complicated nature of a plasma clotting system involving 
APC-resistant plasma makes it difficult to elucidate the poten- 
tial role of factor V as cofactor to APC. For the purpose of 
determining whether factor V indeed is an APC cofactor, we 
have established a factor Villa degradation system using pu- 
rified components, thus excluding potential influence of other 
factors in plasma. We now wish to report that both factor V and 
protein S, in a synergistic fashion, function as cofactors to APC 
in the degradation of factor Villa. 

EXPERIMENTAL PROCEDURES 

Hirudin and Russell viper venom (RW) was obtained from Sigma. 
The chromogenic substrate S-2222, purified bovine factor EXa, bovine 
factor X, and phospholipid vesicles were components of the Coamatic 
Factor VIII kit (Chromogenix, Mfllndal, Sweden) and was kindly pro- 
vided by Dr. Steffen Rosen at Chromogenix. Octonative M (Pharmacia 
Biotech Inc.) was used as the source of factor VIII, Human factor V, 
protein S, activated human protein C, and bovine thrombin were puri- 
fied according to previously described methods (5, 14). Factor V (0.6 
mg/ml) in 50 mM TVis-HCl, 150 him NaCl, 2 mM CaCl 8 , pH 7.5, was 
activated by a-thrombin (final concentration of 6 NIH units/ml) at 37 °C 
for 15 min, and thrombin was then neutralized by hirudin (final con- 
centration of 9 units/ml). The factor V activator from RW was purified 
as previously reported ( 16). Factor V ( 170 ug/ml) was incubated with the 
factor V activator (8.7 ug/ml) in 60 mM TVis, 150 mM NaCl, 2 mM CaCl 3 , 
pH 7.5, for 15 min at 37 °C. Protein S was cleaved by incubating protein 
S (0.67 mg/ml) with thrombin (final concentration of 5 NIH units/ml) in 
50 mM TVis-HCl, pH 7.5, 150 mM NaCl, 2 nua EDTA for 60 min at 37 °C, 
after which hirudin (final concentration of 7.5 units/ml) was added to 
neutralize the excess thrombin. 

Preparation of Factor Villa Reagent— Thrombin-activated factor 
VIII (factor Villa) was prepared by incubating a solution containing 
factor VIII (0.32 NIH units/ml), factor DCa (0.06 units/ml), and phos- 
pholipid vesicles (56 um) with a-thrombin (0.002 NIH unit/ml). The 
buffer was 50 mM Tris-HCl, 10.5 mM CaCLj, 0.2% bovine serum albumin, 
pH 7.3, and the incubation was kept at 37 °C in silicone-treated tubes. 
After 2 min, the reaction was stopped by the addition of hirudin to a 
final concentration of 0.003 unit/ml (1.5-fold molar excess over throm- 
bin). Due to the labile nature of factor Villa, this factor IXa-factor 
VIIIa-PL mixture (reagent I) was prepared fresh for each series of 
experiments. 
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Factor Villa Degradation Assay— Different combinations of APC (fi- 
nal concentration of 0-2 pg/ml), protein S (final concentration of 0-2.6 
pg/ml), and factor V (final concentration of 0-11 ug/ml) were mixed in 
multiwell plates (Linbro, Flow Laboratories) in a final volume of 26 ul 
in 50 mM 1Vis-HCl t 10.5 mM CaCl^, 0.2% bovine serum albumin, pH 7.3. 
Reagent I (80 ul) was added, and after 2 min 20 ul of factor X (1.2 
units/ml) was added. After a 5-min incubation at room temperature, 
factor Xa was measured by S-2222 substrate hydrolysis; 50 ul of S-2222 
was added; and after 5 min in the dark at room temperature, addition 
of 50 ul of 20% acetic acid stopped the reaction and the absorbance at 
405 run was measured. The factor Xa generated correlated linearly with 
the factor Villa activity, which was expressed as percent of activity of 
respective control. 

FVIIIa Degradation in the Presence of an Excess of Factor Vo— Fixed 
concentrations of APC (final concentration of 1.0 ug/ml), protein S (final 
concentration of 1.5 pg/ml) and factor V (final concentration of 6.6 
ug/ml) were mixed with different concentrations of factor Va (0-200% as 
related to the factor V concentration) in a final volume of 25 ul. Reagent 
I (80 ul) and then factor X were added, and the remaining factor Villa 
activity was measured as described above. 

Inhibition of Factor Villa Degradation by Monoclonal Antibodies 
against Protein S or Factor V— Monoclonal antibodies HFV-1 and 
HFV-4 react with the 150-kDa activation peptide of factor V, and they 
have been found to partially inhibit the factor V anticoagulant activity 
in normal plasma (5). Monoclonal antibody HPS-54 reacts with the first 
epidermal growth factor domain of human protein S and efficiently 
blocks APC cofactor activity of protein S (14). The antibodies (final 
concentration of 20 ug/ml) were incubated with the APC-protein S- 
factor V mixtures at room temperature for 10 min before addition of 
reagent I. The final concentration of APC was 1 pg/ml, factor V concen- 
trations were between 0 and 11 pg/ml, and protein S concentrations 
were between 0 and 2.0 pg/ml. 

RESULTS AND DISCUSSION 

In the first identified patient with APC resistance, several 
potential causes for the poor anticoagulant response to APC 
were elucidated (6). Factor VIII gene mutations were excluded; 
inasmuch as the patient's factor Va appeared to be inhibited by 
APC in an essentially normal fashion, mutations changing the 
APC cleavage site of factor Va were found to be a less likely 
cause of the APC resistance, although it should be borne in 
mind that the possibility was not disproved. Deficiency of a 
previously unrecognized APC cofactor was another possible 
mechanism for APC resistance that we decided to elucidate. An 
assay for the hypothetical APC cofactor was established using 
plasma from an individual with almost complete APC resist- 
ance (5). A protein, which turned out to be identical to factor V, 
was purified from normal plaBma and was found to correct APC 
resistance in a dose-dependent manner (5). This suggested that 
factor V possesses anticoagulant properties as a cofactor to 
APC. The addition of approximately 20 ug/ml intact factor V 
(slightly higher than the normal plasma concentration of factor 
V) was found to completely normalize the APC response in 
plasma from this particular APC-resistant person. 

The complicated nature of blood coagulation makes it diffi- 
cult to draw firm conclusions regarding the role of factor V as 
an APC cofactor from results obtained in a plasma system. The 
recent finding that the majority of patients with APC resist- 
ance have a mutation affecting an APC cleavage sites in factor 
Va (12, 13) has cast doubt on our conclusion that factor V has a 
function as cofactor to APC. In order to elucidate the potential 
function of factor V as APC cofactor, we have developed a factor 
Villa degradation system using purified components. In this 
system, we find APC to be an efficient inhibitor of factor Villa 
only in the presence of a combination of factor V and protein S 
(Fig. 1). APC alone causes no inhibition of factor Villa activity, 
and protein S was found to have a weak potentiating effect on 
APC-mediated factor Villa inhibition. This is consistent with 
results on record, which demonstrate that protein S iB also a 
poor APC cofactor in the degradation of factor Va in purified 
systems (4). In the presence of an equimolar mixture of APC 
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Fra. 1. Synergistic APC cofactor activity of protein S and fac- 
tor V in degradation of factor Villa- A mixture of factor Villa, factor 
ECa, and phospholipid was incubated with different combinations of 
APC, protein S (or thrombin-cleaved protein S), and factor V (or factor 
Va). Factor X was added, and the rate of factor Xa formation was 
measured with a synthetic substrate. The absorbance was linearly re- 
lated to the factor Villa activity, and results were expressed as percent- 
age of respective control. A, increasing concentrations of APC (final 
concentrations are indicated) with fixed concentrations of the other 
components (final concentrations of 6.6 ug/ml for factor V and 1.5 ug/ml 
for protein S). □, APC alone; O, APC plus factor V; ■, APC plus protein 
S; #, APC plus factor V plus protein S. fl, increasing concentrations of 
protein S or thrombin-cleaved protein S with other components kept at 
fixed concentration (1 pg/ml APC and 6.6 pg/ml factor V). A, protein S 
alone; □, protein S plus factor V; ■, APC plus protein S; APC plus 
factor V plus protein S; O, APC plus factor V plus thrombin-cleaved 
protein S. C, increasing concentrations of factor V or Va (thrombin- or 
RW-activated) with other components kept at fixed concentration (1 
ug/ml APC and 1.6 pg/ml protein S). ■, factor V alone; protein S plus 
factor V; O, APC plus factor V; #, APC plus factor V plus protein S; A, 
APC plus protein S plus thrombin-activated factor Va; O, APC plus 
protein S plus RW-activated factor Va. 

and protein S, the addition of factor V resulted in a dose- 
dependent increased inhibition of factor Villa activity. The 
APC cofactor activity of factor V reached its maximum at a 
molar concentration of factor V that was similar to those of APC 
and protein S. At equimolar concentrations of APC and factor V, 
addition of protein S yielded a dose-dependent increased inhi- 
bition of factor Villa activity, which leveled off at a molar 
protein S concentration close to that of factor V. This suggests 
that factor V is a required component for expression of maxi- 
mum protein S anticoagulant activity and provides a basis for 
understanding the poor protein S activity observed in purified 
systems not including intact factor V (4). When factor V and 
protein S were kept constant at equimolar concentrations and 
increasing concentrations of APC were added, a dose-depend- 
ent increased inhibition of factor Villa activity was observed. 
The data were consistent with the formation of a 1:1:1 stoichi- 
ometric complex of APC, factor V, and protein S on the phos- 
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Fig. 2. Inhibition of APC-mediated factor Villa degradation by 
monoclonal antibodies against protein S and factor V. APC-me- 
diated factor Villa degradation was studied as described in the legend 
to Pig. 1 in the presence or absence of monoclonal antibody against 
protein S or factor V. A, O, APC (1 ug/ml), factor V (6.6 ug/ml), plus 
monoclonal antibody HPS 54 against protein S (20 ug/ml) and increas- 
ing concentrations of protein S; control without HPS 54. B, APC (1 
ug/ml), protein S (1.5 ug/ml), and increasing concentrations of factor V 
in the presence of HFV-1 (20 ug/ml, ♦ ), HFV 4 (20 ug/ml, □), or in their 
absence (•). 



pholipid surface, a complex that efficiently inhibited factor 
Villa activity. Factor V activated with thrombin or with the 
factor V activator from the RW was found to be inefficient as 
APC cofactor. Moreover, cleavage of protein S by thrombin re- 
sulted in loss of APC cofactor activity. 

Monoclonal antibodies against protein S and factor V were 
included in the factor Villa degradation assay (Fig. 2). Mono- 
clonal antibodies HFV-1 and HFV-4, which were directed 
against the central part of factor V, were found to partially 
inhibit the APC cofactor activity of factor V. This is consistent 
with the observation that these two antibodies partially inhibit 
the factor V-dependent APC cofactor activity of normal plasma 
(5). Monoclonal antibody HPS-54, which is directed against the 
first epidermal growth factor-like module of protein S (14), 
efficiently inhibited the APC cofactor activity of the protein 
S-factor V mixture. These results support the concept that fac- 
tor V and protein S function as synergistic cofactors to APC. 
Presumably, factor V and protein S form a 1:1 complex on the 
surface of negatively charged phospholipids and this complex 
provides efficient cofactor activity for APC. In a situation where 
the vessel wall is disrupted and the coagulation cascade is 
activated, the activity of this anticoagulant- APC cofactor com- 
plex may be inhibited by thrombin-mediated activation of fac- 
tor V and possibly also by protein S cleavage by thrombin. This 
suggests that factor V functions as an anticoagulant protein 
under physiological conditions and that it is converted into a 
procoagulant factor in response to coagulation activation. 

Both factors Villa and Va are substrates for APC, but it is not 
known which of the two is the preferred substrate. The concen- 
tration of factor V in plasma is at least 100-fold higher than 
that of factor VIII. If factor Va and factor Villa are equally good 
APC substrates, it follows that APC would preferentially in- 



Table I 

Effect of increasing factor Va concentrations on APC-protein S-factor 
V-mediated factor Villa inhibition 

Reagent 1 (containing factor Villa, factor DCa, phospholipid, and cal- 
cium) and the mixture of APC (1 ug/ml), protein S (1.5 ug/ml), and factor 
V (6.6 ug/ml) were incubated with increasing concentrations of factor Va 
(0-200% as related to the factor V concentration) at room temperature 
for 2 min. Factor X was added and the factor Xa formation measured as 
described under "Experimental Procedures.- Results were expressed as 
% inhibition of factor Villa activity using a mixture without factor V as 
reference. 
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hibit factor Va after activation of the coagulation cascade in 
vivo, lb elucidate whether factor Villa degradation was af- 
fected by factor Va, we included increasing concentrations of 
factor Va in a factor Villa degradation experiment using an 
APC-protein S-factor V mixture. The inhibitory effect on factor 
Villa of this tri molecular mixture was found to be unaffected 
by the added factor Va (Table I). Thus factor Villa appears to be 
the preferred substrate for APC. This makes sense, as it pro- 
vides a mechanism for factor Villa degradation by APC even in 
the presence of an excess of factor Va. 

Recently, we have found that the individual with pronounced 
APC resistance, the plasma of whom was used to identify factor 
V as a potential APC cofactor (5), has the APC cleavage site 
mutation in homozygous form, whereas the original patient (6) 
presents a more complicated picture with a heterozygous APC 
cleavage site mutation and an additional inherited, as yet un- 
known, disturbance that contributes to the severity of the APC 
resistance. 2 Mutated factor Va, when compared to normal fac- 
tor Va, is presumably degraded at a lower rate by APC and 
consequently factor Va formed in APC-resistant plasma will 
result in a higher than normal rate of thrombin generation. 
Thrombin then feedback-activates factors VIII and V, with a 
resulting loss of the APC cofactor activity of factor V The an- 
ticoagulant effect of added normal factor V to this kind of 
plasma may be partly due to increased APC-mediated degra- 
dation of factor Villa, as normal factor V is an APC cofactor. 
This would result in decreased rates of generation of factor Xa, 
thrombin, factor Va, and factor Villa and in preservation of the 
factor V-dependent APC cofactor activity. Moreover, assuming 
the normal and the mutated factor V to be activated at equal 
rates by thrombin, the majority of factor V molecules being 
activated after the addition of an excess of normal factor V 
would be the normal ones, which are degraded at a normal rate 
by APC in a factor V- and protein S-dependent reaction. 
Whether factor V with a mutation in the APC cleavage site 
expresses full activity as APC cofactor remains to be deter- 
mined, but preliminary data suggest this to be the case. 3 

lb sum up, using a purified system, we now provide experi- 
mental data demonstrating that factor V and protein S function 
as synergistic cofactors to APC in degradation of factor Villa 
and that cleavage of factor V and protein S by thrombin results 
in loss of this APC cofactor activity. 
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Abstract— Recent evidence suggests complement (Q -stimulated granulocytes 
(PMNs) are important in a variety of diseases, including shock and myocardial 
infarction (MI). Corticosteroids inhibit PMN response to C and show promise 
in some studies of shock and MI, but their use has not become routine for several 
reasons. Synergy was sought among agents inhibiting PMN aggregation in vitro 
in response to activated C: methylprednisolone (MP), with a 50% inhibitory dose 
(AD») of 0.6 mg/ml; ibuprofen (IBU), with AD*> of 1.0 mg/ml, and betahistine 
(BH), with AD» of 1.6 mg/ml. Simultaneous use of all three agents produced 
3.4-fold synergy; 3-fold synergy obtained between IBU + MP and IBU + BH, 
while 1.5-fold synergy was noted between MP + BH. Further, MP and IBU 
were at least additive in inhibiting • O2 generation by FMLP-stimulated PMNs 
and in blocking directed migration. In a preliminary in vivo test of this finding, 
cats were given MP and IBU— in known individually ineffective doses— imme- 
diately prior to coronary artery ligation. Neither MP nor the low dose of IBU 
chosen limited the siie of the resultant Ml, while both agents together reduced 
MI size by 42%. Synergy among these agents suggests that they inhibit PMN 
function of distinct cellular mechanisms (as yet not elucidated). Further, early 
in vivo results encourage speculation that such synergy might ultimately be ex- 
ploited clinically, although such speculation must presently be regarded as 
preliminary. 



INTRODUCTION 



I Recent evidence has suggested that the complement (C) -stimulated granu- 
1 locyte (PMN) might play a role in the adult respiratory distress syndrome 

'Material presented in part to the plenary session of the 1981 annual meeting of the American 
Federation for Clinical Research, San Francisco, California. 
[ : Work supported in part by the following grants: N.I.H.(U.S.A.): AM-15730, CA-09243, HL- 
19725, HL-07062, HL-25043, HL-26218. 
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(ARDS) (1-4) and in myocardial infarction (MI) (5-9). We have reported 
(10) that high-dose corticosteroids inhibit PMN responses to activated r 
and have postulated that this inhibition might explain in part the apparent 
efficacy of corticoids in both experimental and clinical shock and MI (\u 
14). While use of steroids in these syndromes has a rational basis, it has not 
become routine because of cost, fear of morbidity, uncertain efficacy ( a t 
least if not used very early) and the inability to identify early those patient, 
likely to benefit. ■ 
Incidental to other studies, we noted that ibuprofen (IBU) also inhib- 
ited C-induced PMN aggregation, but only at drug concentrations several- 
fold higher than required to block fatty acid cyclooxygenase. A third agent 
betahistine (BH), was noted to reduce the size of experimental MI (14) and 
was found to inhibit PMN aggregation. Aware of the limitations of corti- 
costeroids alone in MI and shock, we sought synergy among these agents 
in vitro in hope of devising a drug combination which might be less costly M 
more effective, and/ or less morbid than the use of steroids alone. 



| Synergistic Inhibition of PMN Function % 

; !■ 

I inhibitory effect logarithmically (10). Equipoti 
J that one AD» of each of the drugs in the mij 
||. granulocytes; serial dilutions of such mixtures! 

An AD» was determined for each mixture; syra 
| jower drug concentrations than those predicted 
m nificance of differences between observed ancf 
I test and the Mann- Whitney TJ test. 



MATERIALS AND METHODS 



PMN aggregometry was performed as previously described (15), using cells harvested!! 
from 12 normal volunteers' venous blood by our modification of the method of Bdyum (15, 
Zymosan-activated plasma (ZAP) was prepared from minimally heparinized (1 unit/ml) hu3& 
man venous blood as previously described (15), incubating 2 mg zymosan (ICN Pharmaceutic^ 
cals, Cincinnati, Ohio) per ml plasma (30 min at 37°C) and removing it by centrifugatioJ§ 
(10,000g X 15 min at 4°C). Aliquots were stored frozen (~70°C) until use; to assure a consist 
tent potency of aggregation stimulus, aliquots of a single batch of ZAP were used for aU aggrt. 
gation studies. For each test, 50 /il of ZAP were added to 0.45 ml of PMN suspension (10 7 : 
PMN/ml) containing the drug(s) under study, and maximal increment in light transmission! 
(Ar) was recorded and expressed as a percentage of the maximal A Tin a simultaneous drug^b 
free control. ^Formyl-methonyMeucyl-phenylalanine (FMLP) (Peninsula, San Carlos. Cmm 
forma) was dissolved at 10 mM in phosphate-buffered saline (PBS) (isotonic; pH = 7.4$| 
Aliquots were stored frozen until use, when dilutions were prepared in PBS as needed. :J| 

Chemotaxis was measured by a leading-front modification (17) of the method of Boydej^ 
(18); 10" 8 M FMLP was used as the stimulus, and results were expressed as net migration di? 
tance (stimulated migration distance less unstimulated migration distance). Superoxide generj 
ation was measured as previously described (19), as superoxide dismutase-inhibitable cytdi 
chrome c reduction on stimulation of cytochalasin-B-treated PMNs by 10~ 6 M FMLP. Si 

MP sodium succinate (Upjohn Co., Kalamazoo, Michigan), IBU sodium (Upjohn), an 
BH hydrochloride (Unimed, Somerville, New Jersey) were gifts of the manufacturers. Eac! 
was dissolved in PBS to the desired concentrations. For each assay, one volume of drug sotu^ 
tion or PBS blank was added to nine volumes of PMN suspension (10 7 cells/ml in Hanks' baj| 
anced salt solution) and incubated at 20°C for 10 min before adding the stimulus and roetjf 
suring the response. .'J| 

Each cell function-drug combination was tested in cells from at least six normal donorff^, 
each assay was performed in triplicate. For each agent and cell function studied, a 50%attc|||| 
uative dose (AD*) was determined by testing serial twofold drug dilutions and plotting ti$f* 
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As previously reported (10), MPj 
IAD50 of 0.64 mg/,m] (1.7 mM) ± 0.05 
ll.O mg/ml (4:8 mM) (± 0.2 mg/ml), 
|mM) (± 0.3 mg/ml). Additive effect 
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inhibitory effect logarithmically (10). Equipotent mixtures of the agents were prepared, such 
that one AD» of each of the drugs in the mixture was achieved in the final incubation with 
| granulocytes; serial dilutions of such mixtures were then tested as inhibitors of PMN function. 
H An ADso was determined for each mixture; synergy was inferred when ADso was achieved with 
glower drug concentrations than those predicted if effects were simply additive. Statistical sig- 
I lufjcance 0 f differences between observed and expected ADjoS was tested using Student's / 
1 test and the Mann-Whitney U test. 



RESULTS 

As previously reported (10), MP inhibited PMN aggregation with an 
]ADso of 0.64 mg/ml (1.7 raM) ± 0.05 mg/ml (SEAT). IBU had an AD 50 of 
|1.0 mg/ml (4.8 mM) (± 0.2 mg/ml), and BH an ADso of 1.6 mg/ml (11.7 
JnM) (± 0.3 mg/ml). Additive effect would predict the AD* of an equi- 
|potent mixture of MP and IBU to appear at a 1:2 (part:total) dilution 
|(0.32 mg MP + 0.50 mg IBU/ml); in fact, AD 5 o was observed at close to a 
|J:6 dilution (0.11 mg MP + 0.18 mg IBU/ml) (/>< 0.005) (Figure 1). Simi- 
larly, threefold synergy was observed between IBU and BH (P < 0.02, data 
|ot shown). Only 1.4-fold synergy (P s 0.08) was noted between BH and 
IP, suggesting IBU was the major contributor to synergy. When all three 
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. For each agent and cell function studied, a 50% atten-. & 
y testing serial twofold drug dilutions and plotting the \ 



AD 5C 

Dilution of Drug Mixture 

(Equipotent; Full Strength » ADjqMP ♦ AD^IBU) 

pg. 1. Synergy between MP and IBU in inhibiting PMN aggregation in response to a con- 
§tant source of activated C (as aliquots of a single batch of zymosan-activatcd plasma). The 
P?% attenuative dose of each agent was determined; a mixture providing one AD S0 of each was 
prepared, and serial dilutions were tested as inhibitors of C-induced PMN aggregation. Addi- 
gve (noncompetitive, nonsynergistic) effect would predict AD*, of the mixture to appear at a 
|:2 dilution; instead it was observed close to 1:6 (P < 0.005). Similar synergy was found be- 
#w*n BH and IBU and among BH, IBU and MP; a lesser synergy was found between BH and 
iMP. 
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agents were used together, 3.4-fold synergy resulted, AD 50 appearing 
1: 10.3 dilution (0.06 mg MP, 0.08 mg IBU, and 0.12 mg BH/ml). 

Because aggregometry is a turbidometric assay (and therefore e 
to perform in the absence of serum), these data are generated in a bif 
system; to ensure that the conclusions were not limited to such a cir 
stance, several donors' cells were restudied suspended in a medium % 
sisting of half autologous serum and half Hanks* balanced salt solui 
and concordant results were obtained (MP and IBU yielding similar A 
and approximately threefold synergy. Cell viability— assayed by tr 
blue exclusion and by retention of cytoplasmic lactate dehydrogenase 
mained greater than 98% in all incubations, excluding cumulative 
death as an explanation of apparent synergy. m ; ; 

FMLP-stimulated PMNs produced enough Ol to reduce 7-17 
cytochrome c (12.2 ± 4.3 S.E.M.) per 10 6 PMNs in 20 min; IBU (At| 
0.88 mM) and MP (AD50 = 0.43 mM) inhibited this production. A 
of an equipotent mix was 1:2.3 (0.33 mM IBU + 0.16 mM MP) (pi 
synergy = 0.25); while weak synergy was not statistically significant! 
drugs were at least additive in effect. 2.1 mM MP (±0.12) inhibited 
PMN chemotaxis by 50%, as did 4.8 mM IBU (±0.25). An equipotent f 
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Dilution of Drug Mixture 
(equipotent; full -strength* AD*) MP ♦ A0 5O IBU) 

Fig. 2. Probable synergy between MP and IBU in inhibiting PMN chemotaxis in respbl 
FMLP. As in aggregation (Figure 1), AD» was determined for each agent, an equipotenfc| 
ture was prepared, and serial dilutions were then tested as inhibitors of chemotaxis. ;-P 
synergy was observed and was of borderline statistical significance. 
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I tu re achieved AD50 at a dilution of 1:2.6 (P for synergy = 0.07) (Figure 2). 
Fifty percent attenuation of random migration was not achieved (maxima 
6 mM MP and 10 mM IBU). 

DISCUSSION 

Evidence has accumulated that the stimulated PMN— specifically the 
C-stimulated PMN— may play a role in the complications of shock and in 
determining the extent of infarctive damage; this evidence has been re- 
viewed elsewhere (1, 20) and has encouraged our continued study of the 
G-stimuiated PMN in shock and infarction. 

Very high dose corticosteroids have been tried (for a variety of rea- 
sons) in both clinical (12, 13) and experimental infarction (11, 14) and 
shock. In a number of models, these agents have reduced MI size or the mor- 
bidity and mortality of shock; studies showing benefit have generally been 
those in which very high doses (30 mg MP/ kg body mass or equivalent) 
have been used very early in the insult. Clinical results have also been 
mixed, but the same generalization can be made. 

Use of high-dose steroids in shock and MI has riot become routine for 
several reasons. First, the therapy is expensive. Second, available data 
suggest that benefit is only derived from very early intervention; in the ab- 
sence of reliable predictors of drug benefit, this compounds the cost prob- 
lem by requiring the treatment of most or all patients at risk of a steroid- 
preventable mishap. Third, while high-dose steroids are remarkably 
well tolerated in the short run, there is concern for safety in use of more 
than a few doses. The clinician lacks a real option of selective steroid use; 
faced with options of uniform use and uniform nonuse, cost and fear of 
morbidity have encouraged nonuse. 

We have reported (10) that high-dose corticosteroids inhibit PMN re- 
sponses to activated complemented that this might explain apparent 
efficacy in shock. In that study, we also tested the ability of IBU to inhibit 
PMN aggregation in response to activated C; it did so, but only at doses 
several-fold those inhibiting platelet aggregation and reported to inhibit 
cyclooxygenase. Other research in progress in our laboratory and others 
(21) suggested that IBU might also limit experimental MI size and protect 
against shock, at very high but clinically achievable doses [associated with 
obtundation but no lasting ill effects in case reports to date (22)]. Finally, 
BH was under study as a limiter of MI size; we found it also to inhibit PMN 
aggregation in response to activated C. Having then three drugs which in- 
hibited PMN aggregation, and which might well work by distinct mecha- 
nisms, we sought synergy among them. Were synergy to be found, it might 
lay the theoretical foundation for multiple-drug therapy in MI and shock, 
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allowing lower doses of several agents to be used, possibly in turn answer 
ing some of the objections to the use of steroids alone. 

In fact, such synergy was easily demonstrable. The 50% attenuate 
concentration was determined for each drug (for a given stimulus and cell 
function), and equipotent mixtures were then prepared. Dose-responJ 
curves were then generated, using serial dilutions of the mixtures as test M 
inhibitors of PMN aggregation in response to a fixed stimulus. In eacH "4 
case, 50% inhibition of aggregation was noted at drug concentrations weS H 
below those expected if mere additive effect is assumed; a similar syner^^i 
was also noted when aggregation was carried out in a serum-based suplf 
pending medium, or when FMLP was used as the aggregating stimulus!? 
(data not displayed). The combination of MP and IBU was further tested in ll 
other PMN responses. Each agent was able to inhibit superoxide product 
Hon by FMLP-stimulated PMNs. Together, their effect is at least additive?, 
weak synergy was observed, but did not reach statistical significance. Non^W 
theless, even a mere additive effect provides another potential benefit ofW 
the drug combination in limiting PMN-mediated tissue damage. Eacfc^ 
agent also inhibited PMN chemotaxis to FMLP, simultaneous use result^ 
ing in similar modest synergy. ^ 

Encouraged by these in vitro findings, we sought drug synergy in exlp 
penmental Ml. In the model we were currently using— feline coronanll 
artery ligation— MP proved of little or no benefit, while IBU reduced thj| 
size of resultant infarctions in a dose-dependent fashion. When MP waS 
combined with an ineffective dose of IBU in a pilot study (data published 
in abstract form, Clin. Res. 29:334A, 1981), a 42% diminution in MI sizfL 
resulted (P m 0,06), leading us to speculate that this synergy might onep 
day prove clinically useful. This speculation is encouraged by an indepenfll 
dent observation of apparent synergy between prednisolone and ibuprofen i|T 
experimental arthritis in rats (23). Nonetheless, such speculation must bpl 
made cautiously at this time. First, the apparent in vivo synergy has bee 
tested only in a small group of animals in a single model*; further animal 
studies will be necessary before the case for clinical trials becomes coop 
pelhng. Further, even if synergy in vivo is confirmed, it may reflect totallf * 
separate effects of the two drugs on the intact organisms, rather than syfe* 
ergy between the drugs in a single cellular effect, as we postulate from oill 
in vitro observation. | 

Synergy between MP and IBU suggests these agents act upon PMll 
by distinct cellular mechanisms. We have recently reported that MP iritef 
feres (24) with the PMNs* receptor for chemotactic peptides; seeking 1* 
physiologic point at which IBU and MP differed, we also tested IBU in t 
system and were surprised to find that it, too, interfered. 
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'These preliminary studies were carried out in the laboratory of the late Dr. Richard C LUleblS 
whose untimely death precluded their completion. 
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Discordance between the synergy observed in inhibition of PMN ag- 
gregation (more than threefold) and that observed in inhibition of two 
other PMN functions (less than twofold and less than statistically convinc- 
ing) is of particular interest. This may well indicate that the cellular mecha- 
inism of inhibition of aggregation by one or both drugs is different from 
;the mechanism whereby it (they) inhibit(s) chemotaxis and superoxide 
production. 

I While the biological explanation of the observed synergy remains to 
[be elucidated, we are nonetheless excited by the prospect that it might ult- 
imately be clinically exploited. 
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The development of new drugs effective against human viral diseases has proven to be both difficult and 
time-consuming. Indeed, there are but 10 drugs licensed for such applications in the United States today. An 
attractive solution to this problem may be to optimize the efficacy and selectivity of existing antiviral drugs by 
combining them with agents that strategically block carefully selected metabolic pathways. This approach was 
used in the rational design of a three-drug combination to increase the apparent potency of acyclovir against 
herpes simplex virus. Recent advances in analytical techniques have made the evaluation of this complex drug 
strategy both possible and practical. A modified version of a previously described analytical method was used 
to identify optimal drug concentrations and to quantitate statistically significant synergy. Concentrations of 
0.25 m-M 5-fluorodeoxyuridine, 3.6 jiM 2-acetylpyridine thiosemicarbazone, and 0.3 pM acyclovir were 
determined to be optimal in terms of antiviral activity. The volume of synergy produced was nearly 2,000 
nM 3 % at a 95% level of confidence (corresponding to a 186-fold decrease in the apparent 50% inhibitory 
concentration of acyclovir with the addition of 0.25 u.M 5-fluorodeoxyuridine and 3.6 m-M 2-acetylpyridine 
thiosemicarbazone). We anticipate that this strategic approach and the supporting three-dimensional analytical 
method will prove valuable in designing and understanding multidrug therapies. 



Antiviral drugs derive their specificity through the prefer- 
ential inhibition of virus-encoded enzymes present in in- 
fected cells (13). The usefulness of these agents is limited by 
the degree to which they concomitantly affect uninfected 
cells, producing untoward toxicity. Additionally, the emer- 
gence of drug-resistant mutants is a significant problem in 
single-drug therapy (3). Treatment with combinations of 
antiviral agents is generally thought to minimize drug resis- 
tance (1, 6, 14) but may or may not offer increased selectivity 
and efficacy. Traditionally, drug combinations have been 
chosen on the basis of the potency and/or efficacy of the 
individual agents. The component drugs often have been 
active against the same target, and detailed evaluations of 
drug interactions often have been lacking. Combinations of 
drugs that inhibit different targets, however, often offer 
surprising potency, even though one or more of the constit- 
uent compounds may be weakly active. We now describe the 
rational design of an antiviral combination of three drugs that 
strategically inhibits the replication of herpes simplex virus 
(HSV) by blocking carefully chosen metabolic pathways. 
Evaluation of this strategy and the determination of optimal 
drug concentrations were made possible by recent advances 
in existing three-dimensional analytical procedures (21, 22), 

The rational design of a combination of drugs relies on a 
thorough understanding of drug metabolism in both virus- 
infected and uninfected cells. The antiherpesvirus drug 
acyclovir (ACV; Zovirax) is a potent inhibitor of HSV 
replication and is an apparent inactivator of the HSV DNA 
polymerase (5). This drug is initially phosphorylated by the 
HSV pyrimidine deoxyribonucleoside kinase and is further 
phosphorylated by cellular kinases to ACV triphosphate 
(ACVTP) (Fig. 1), the active form of the drug (25). 

In HSV-infected cells, ACV limits its own effectiveness on 
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at least two levels. Treatment with ACV results in an 
increase in both thymidylate synthase activity and the size of 
intracellular thymidine pools (11). Thymidine competes with 
ACV for phosphorylation by the HSV pyrimidine deoxyri- 
bonucleoside kinase (TK) (9). This alteration of nucleoside 
metabolism adversely affects the efficiency with which ACV 
can inhibit the HSV DNA polymerase, as less ACV is 
phosphorylated (Fig. 1). ACV also significantly increases the 
size of deoxyribonucleoside triphosphate (dNTP) pools, 
including dGTP (7, 11). Thus, the effectiveness of ACV is 
further limited, as dGTP competes with ACVTP for binding 
by the HSV DNA polymerase (Fig. 1). 

ACV increases the sizes of both thymidine and dGTP 
pools. Thus, for optimization of the antiviral activity of 
ACV, it would be desirable to decrease the sizes of both the 
pyrimidine deoxyribonucleoside pools and the dGTP pools 
in infected cells. This strategy would remove molecules that 
compete with ACV for both activation and incorporation, 
theoretically resulting in increased phosphorylation of ACV 
to its active form and maximizing the incorporation of 
ACVJP by the HSV DNA polymerase. The predicted result 
of this increased activation and incorporation would be 
synergistic inhibition of viral replication by drugs that de- 
crease the size of either thymidine (dThd) or dGTP pools. 
This strategy also predicts that even more synergy would be 
produced by a combination of inhibitors that simultaneously 
decrease the sizes of both dThd and dGTP pools. 

Early experiments by Cohen demonstrated that HSV 
stimulated the synthesis of DNA in thyraidine-blocked cells 
(4). Cohen and coworkers later demonstrated that this effect 
was due primarily to the expression of a viral ribonucleoside 
diphosphate reductase (ribonucleotide reductase; RR) (18). 
We have shown that HSV type 1 (HSV-1) requires this 
increased synthesis of deoxynucleotides to replicate effi- 
ciently (22a). Inhibitors of the RR have been shown to 
potentiate the antiviral effects of ACV (21, 29-31). These 
inhibitors have been shown to decrease the size of intracel- 



540 



Vol. 37, 1993 



STRATEGIC DESIGN AND ANALYSIS OF DRUG COMBINATIONS 541 



Herpesvirus 
DNA 

! 

HSVDNAPofymtnu 



ACVTP 

t 

Cellular Kinase 




dGTP 



ACVDP 

t 

Cellular Kinase 
ACVMP 



HSV Deoxypyrunidine 
Kinase (TK) 



GDP 



HSV 
Ribonucleotide 
R educ ta se 



dUMP 



dThd 



Thymidylate 
Synthetase 



dTMP 



ACV 

FIG. I. Anabolism of ACV to ACVTP by viral and cellular 
enzymes. Competition is represented by circles at the intersections 
of the competing substrates. Thymidine competes with ACV for 
phosphorylation, and dGTP competes with ACVTP for incorpora- 
tion by the DNA polymerase. 



lular pools of dGTP, which competes with ACVTP for 
binding by the HSV DNA polymerase (29). 

One such inhibitor, 2-acetyIpyridine thiosemicarbazone 
(APTS), is a selective inhibitor of the HSV RR (32, 33) and 
is also a potent inhibitor of HSV both in vitro and in vivo (27, 
28). This drug has been shown to decrease the size of purine 
dNTP pools in infected cells and should be effective in 
decreasing the size of pools of dGTP, which competes with 
ACVTP for incorporation by the HSV DNA polymerase 
(22a). To limit the size of intracellular pools of pyrimidine 
deoxyribonucleosides, 5-fluorodeoxyuridine (5-FdUrd) was 
used to inhibit thymidylate synthase, the key enzyme re- 
sponsible for the conversion of dUMP to dTMP. This 
inhibitor has been shown to decrease the sizes of intracellu- 
lar pools of thymidine and cytidine at nontoxic concentra- 
tions (10). Previous experiments in our laboratory showed 
that this drug also potentiates the antiviral effects of ACV 
(20). Thus, we predicted that the three-drug combination of 
ACV, APTS, and 5-FdUrd should act in a synergistic 
manner to inhibit the replication of HSV. Furthermore, the 
three-drug combination should produce more synergy than 
any of the three possible two-drug combinations. 



MATERIALS AND METHODS 

Chemicals. APTS was prepared by Derse and Schroeder 
Associates, Ltd., Madison, Wis. ACV was provided through 
the courtesy of Sandra Lehrman of the Burroughs Wellcome 
Co., Research Triangle Park, N.C. 5-FdUrd was obtained 
from Sigma Chemical Co., St. Louis, Mo., and KH 2 P0 4 was 
obtained from ICN Biomedicals Inc., Costa Mesa, Calif. 

Cell line and virus. BS-C-1 cells, an established line of 
African green monkey kidney cells, were grown in monolay- 
ers in minimal essential medium with Earle salts and supple- 
mented with 10% calf serum as described previously (23). 
Cells were routinely passaged with 0.05% trypsin-0.02% 
EDTA in M2-hydroxyethylpiperazine-//'-2-ethanesulfonic 
acid (HEPES)-buffered saline (HBS) (26). The KOS strain of 
HSV-1 was obtained from Sandra Weller of the University of 
Connecticut, Farmington. The virus was grown and its titers 
were determined as described previously (23). 

dNTP pool size determinations. Exponentially growing 
BS-C-1 cells were passaged 12 h prior to infection and/or 
drug treatment. The cell sheets, containing 3 x 10 6 to 6 x 10 6 
exponentially growing BS-C-1 cells, were infected at a 
multiplicity of infection of 10 with HSV-1 (strain KOS). The 
medium was replaced, and drugs were added after a 1-h 
adsorption period. At 6 h postinfection, the cells were 
washed twice with HBS at 37°C and trypsinized as described 
above. The extraction protocol is based on the procedure 
described by Garret and Santi (8). In brief, the cells were 
pelleted, and 75 u.1 of ice-cold 0.6 M trichloroacetic acid and 
an internal standard, [ 3 H]dThd, were added to the cell pellet. 
The cells were extracted for a minimum of 15 min on ice, and 
the solution was filtered through a 0.22-u,m-pore-size 
SPIN-X centrifuge filter unit (Costar, Cambridge, Mass.) at 
4°C. The trichloroacetic acid was extracted from the solution 
by adding 125 u,l of Freon-0.5 M trioctylamine to the filtrate 
and vortexing the mixture. The upper aqueous phase con- 
taining the dNTPs was divided into aliquots and frozen at 
-77°C. 

Ribonucleotides were cleaved via a periodate oxidation 
reaction (24). In brief, to each sample, 8 p.1 of 0.25 M sodium 
metaperiodate (Fisher Scientific, Fair Lawn, N.J.) was 
added, and the mixture was vortexed. Following 4 min of 
incubation at 20°C, 10 u-1 of 4 M methylamine phosphate (pH 
7.5) was added, and the mixture was vortexed and incubated 
for 30 min at 37°C. The reaction was stopped by the addition 
of 10 |xl each of 1 M HC1 and 1 M glucose, and the samples 
were frozen at -77°C until separated by high-pressure liquid 
chromatography (HPLC). 

The dNTPs were separated by use of an HPLC from 
Spectraphysics Inc., San Jose, Calif., with an Ultrasil AX 
column (4.6 mm by 25 cm) and an Ultrasil AX precolumn 
(3.2 mm by 4.5 cm) (Beckman Instruments, Inc., Fullerton, 
Calif.). The column was equilibrated with 0.3 M KH 2 P0 4 at 
pH 3.75, and samples were separated by 5 min of isocratic 
elution at 2 ml/min with 0.3 M KH 2 P0 4 at pH 3.75 and 25 
min of elution with a linear gradient of 0.3 to 0.75 KH 2 PO d at 
pH3.75. 

Antiviral EIA. The antiviral enzyme immunoassay (ELA) 
used is similar to the one described previously (21). In brief, 
an EIA was performed directly in the wells of 96-well plates 
containing the infected-cell sheets. The wells were first 
blocked with 200 u,l of HBS containing 0.05% Tween 20 and 
supplemented with 10% horse serum for 1 h at 37°C. The 
plates were then shaken out, and 50 u,l of a 1:400 dilution of 
horseradish peroxidase-conjugated rabbit anti-HSV-1 anti- 
bodies (Dako Corp., Santa Barbara, Calif.) in HBS supple- 
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mented with 10% horse serum was added to each well. 
Following 1 h of incubation, the plates were washed four 
times with HBS-0.05% Tween 20. The plates were subse- 
quently developed with 150 u.1 of a substrate solution con- 
sisting of 35 mM citric acid, 67 mM Na 2 HP0 4 (pH 5.0), 
0.005% (vol/vol) 30% H 2 0 2 , and 1 mg of tetramethylbenzi- 
dine (Sigma) per ml. The reaction was stopped with 50 u.1 of 
2 N H 2 S0 4 and read at 450 and 570 nm in a Microplate 
Bio-Kinetics Reader (model EL312; Biotek Instruments, 
Inc., Winooski, Vt.). 

Synergy analysis. For characterization of the drug-drug 
interactions present, a three-dimensional analytical method 
was used (21, 22). The analysis was performed with a 
modified version of the shareware developed in our labora- 
tory (MacSynergy II). In brief, theoretical additive interac- 
tions were calculated from the dose-response curves of the 
individual drugs. The calculated additive surface, which 
represents the predicted additive interactions, was then 
subtracted from the experimental surface to reveal regions of 
greater-than-expected interactions (synergy). The resulting 
surface would appear as a horizontal plane at 0% inhibition 
above the calculated additive surface if the interactions were 
merely additive. Any peaks above this plane would be 
indicative of synergy. Similarly, any depressions below the 
plane would indicate antagonism. 

The 95% confidence intervals for the experimental dose- 
response surface were used to evaluate the data statistically. 
For each point in the plot, if the lower 95% confidence limit 
of the experimental data was greater than the calculated 
additive surface, then the synergy was considered signifi- 
cant. Conversely, if the upper 95% confidence limit of the 
experimental data was less than the calculated additive 
surface, then the antagonism was considered significant. All 
plots and values presented here are at the level of 95% 
confidence. 

Since three drugs were used in this experiment, the 
existing software was modified to accommodate the ex- 
panded experimental design. Furthermore, additive drug 
interactions were calculated with the following equation: 

/=i- nu-i„) a) 

n «* 1 

where / is the predicted fractional inhibition produced by the 
combination and i is the fractional inhibition produced by n 
drugs used individually. Equation 1 is the general form of 
equation 2, which is the dissimilar-site additivity equation 
described previously (21, 22): 

Z =X+ Y{\-X) (2) 

where Z represents the total inhibition produced by the 
combination of drugs X and Y and X and Y represent the 
inhibition produced by drugs X and Y alone, respectively. 
Both equations 1 and 2 correspond to the independent- 
effects equations used by some investigators (16, 17, 34). 

The results presented here were based on data from 
checkerboard dilution matrices, which included the drugs 
used individually (21, 22). This experimental design was 
used to identify regions at which significant drug interactions 
occurred (19). Drug concentrations were initially chosen on 
the basis of the efficacy and cytotoxicity of each drug alone. 
A range of concentrations that produced no inhibition of 
replication at the lower concentrations and maximal inhibi- 
tion at the highest concentration were chosen. This range 
was subsequently modified to encompass the regions of 



significant synergy. Although replicates are not necessary 
for an analysis of this type, at least three replicates are 
required to obtain reasonable 95% confidence intervals. This 
experimental design and analytical method compare favor- 
ably with other designs and methods used to analyze three- 
drug combinations (12-14). 

Cytotoxicity determinations. Simultaneous cytotoxicity 
control experiments were done as described above, except 
that the plates were not infected with virus. The evaluation 
of cytotoxicity was based on a procedure described previ- 
ously (19). In brief, cell growth was quantitated by staining 
the cell sheets with crystal violet and measuring the bound 
dye by elution with 1% (vol/vol) HQ in ethanol. The optical 
density was determined at 570 and 405 nm in a Microplate 
Bio-Kinetics Reader. 

RESULTS 

To test the strategically designed drug co^&jvation, we 
measured the antiviral effect of the three-drtj^mbination 
and experimentally determined the optimal concentrations 
of each drug. Data were generated by use of an EIA with 
horseradish peroxidase-conjugated polyclonal antibodies to 
HSV-1. With this technique, the replication of HSV-1 (strain 
KOS) was measured in triplicate at 300 different combina- 
tions of concentrations of the three drugs. The data were 
analyzed as described above and plotted as a vertical series 
of contour plots (Fig. 2). 

Synergistic antiviral interactions between APTS and ACV 
are shown in the bottom tier of Fig. 2. Dark red regions 
indicate combinations of concentrations at which additive 
interactions were observed. Increasingly synergistic interac- 
tions are displayed by red, orange, and then yellow regions. 
The volume of synergy produced was 112 u.M 2 % (volumes 
are expressed as micromolar concentration times micromo- 
lar concentration times percentage, or yM 2 %) and attained a 
maximum at concentrations of 3.6 u.M APTS and 0.33 jiM 
ACV. Synergy was also seen with combinations of ACV and 
5-FdUrd (right front edges of Fig. 2 at 0 u.M APTS). The 
synergy observed with ACV and 5-FdUrd had a volume of 
206 u.M 2 % and reached a maximum at concentrations of 1.0 
u-M ACV and 0.5 u.M 5-FdUrd. No synergy was observed 
with APTS and 5-FdUrd. 

The addition of 0.25 u.M 5-FdUrd dramatically increased 
the volume of synergy to 602 u.M 2 % (Fig. 2, second tier), 
more than fivefold higher than that observed with the com- 
bination of ACV and APTS alone (Fig. 2, bottom tier). As 
the concentrations of 5-FdUrd were increased, synergy 
among the three drugs decreased because of the antiviral 
activity of 5-FdUrd. The optimal combination of ACV, 
APTS, and 5-FdUrd was at a molar ratio of approximately 
2: 14: 1. The volume of synergy produced by the three-drug 
combination was 1,988 u,M 3 %. This value corresponded to a 
186-fold decrease in the apparent 50% inhibitory concentra- 
tion of ACV with the addition of 3.6 u-M APTS and 0.25 u.M 
5-FdUrd. Calculations revealed that the volume of synergy 
produced by the three-drug combination was larger than 
expected on the basis of the synergy produced by the 
synergistic two-drug combinations (APTS and ACV; 
5-FdUrd and ACV). It is clear that the three-drug combina- 
tion inhibited the replication of HSV-1 better than any drug 
by itself or any two-drug combination. 

We have shown that the three-drug combination is highly 
efficacious in inhibiting the replication of HSV-1. It is 
equally important, however, to evaluate any combination of 
drugs for potential synergistic cytotoxicity. The cytotoxicity 




FIG, 2. Synergistic inhibition of the replication of HSV-1 by combinations of ACV, APTS, and 5-FdUrd. Calculated additive antiviral 
interactions were subtracted from experimentally determined values to reveal regions and corresponding concentrations at which synergistic 
antiviral interactions occurred. Peaks of statistically significant (confidence level, 95%) synergy are shown in shades of red to yellow, with yellow 
indicating the strongest synergy. Concentrations of each drug are indicated on the axes. Values used to describe the percentage of inhibition 
above that expected were derived from averaged triplicate data. The experiment was repeated four times with essentially identical results. 
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TABLE 1. Sizes of dNTP pools in infected cells treated with the three-drug combination of ACV (3 u.M), 

APTS (10 u.M), and 5-FdUrd (2 u.M) 



Drug(s) 




pmol of the following/10* cells 0 : 




ACVTP/dGTP 


dCTP 


dTTP 


dATP 


dGTP 


ACVTP 


ratio 


None (uninfected) 


69 ± 9.2 


77±6 


69 ± 2 


25 ± 4 






None (HSV-1 KOS infected) 


420 ±31 


2,180 ± 204 


146 ± 6 


167 ± 18 






ACV 


554 ± 34 . 


2,480 ± 156 


261 ± 21 


272 ± 29 


3.0 ± 0.02 


0.011 


APTS 


134 ± 14 


2,290 ± 149 


9 ± 5 


22 ± 2 






5-FdUrd 


342 ± 31 


1,990 ± 164 


144 ± 12 


184 ± 22 






ACV-APTS 


137 ± 13 


2,570 ± 176 


17 ± 2 


35 ±3 


7.5 ± 0.3 


0.22 


ACV-APTS-5-FdUrd 


130 ± 15 


2,270 ± 301 


11 ± 2 


23 ± 2 


8.3 ± 1.6 


0.36 



* Each value is the arithmetic mean from three determinations ± the standard error of the mean. 



of the three-drug combination was evaluated in BS-C-1 cells 
by a cytotoxicity assay described previously (19) and ana- 
lyzed by the three-dimensional dose-response method de- 
scribed above. No significant synergistic cytotoxicity or 
antagonism of cytotoxicity was observed in any of the 
regions of Fig. 2 (data not shown). Thus, we concluded that 
the effects seen in Fig. 2 were not due to synergistic 
cytotoxicity and that the toxicity of the three-drug combina- 
tion was additive. 

To confirm the mechanism(s) of the observed synergistic 
effect of the three-drug combination, we measured dNTP 
pools in HSV-l-infected cells treated with the individual 
drugs and the three-drug combination at the optimal ratio 
(Table 1). The results confirm that ACV increased the sizes 
of all of the dNTP pools, an observation consistent with 
results published previously (7). Infected cells treated with 
APTS had greatly reduced purine deoxyribonucleoside pool 
sizes as a direct result of the inhibition of the RR. This effect 
was also seen for infected cells treated with the two-drug 
combination of ACV and APTS. Here, APTS prevented the 
increase in the size of dGTP pools, thus increasing the ratio 
of ACVTP to its competitor dGTP by 20-fold. APTS did not 
prevent the increase in the size of pools of dTTP or dCTP; 
this phenomenon, although not understood, has been re- 
ported for other inhibitors of the RR, such as h ydrox yurea 
(2). As predicted, 5-FdUrd decreased the size of dTTP pools 
in infected cells. The three-drug combin ation of ACV, 
APTS, and 5-FdUrd resulted in decreased dTTP and dGTP 
pool sizes and in a 33-fold increase in the ratio of ACVTP to 
dGTP. 

DISCUSSION 

The drug combination presented here was rationally de- 
signed to optimize the efficacy of the antiviral drug ACV. 
Previous studies demonstrated that decreasing dGTP pools 
with RR inhibitors increases the apparent potency of ACV 
by increasing the ACVTP/dGTP ratio (29-31). Inhibitors of 
RR, however, are unable to inhibit the increase in the size of 
pools of pyrimidine deoxyribonucleosides (2), which reduces 
the phosphorylation of ACV (9). Our strategy used (i) an 
inhibitor of the cellular thymidylate synthase to decrease the 
size of the intracellular dThd pools and (ii) an inhibitor of the 
HSV RR to decrease the size of the intracellular dGTP 
pools. As predicted, the combination of APTS, 5-FdUrd, 
and ACV synergistically inhibited the replication of HSV 
and was a much more potent combination than ACV and an 
RR inhibitor alone. 

The measurement of intracellular dNTP pool sizes con- 
firmed the proposed mechanism of synergy. In infected cells, 



5-FdUrd decreased the sizes of dTTP and dCTP pools but 
did not eliminate them. Previous experiments by Nutter and 
coworkers (15) suggested that the large increase in the size of 
dTTP pools seen in infected cells was due mainly to thymi- 
dine salvaged from degraded cellular DNA. Furthermore, 
these pools appeared to be compartmentalized, as salvaged 
thymidine not efficiently used for incorporation into viral 
DNA (15, 22a), The inability of 5-FdUrd to eliminate dTTP 
pools in infected cells would appear to confirm that some 
salvage does occur. We also showed that the inhibition of 
thymidylate synthase correlated well with the potentiation of 
ACV (20). Thus, the small decrease in the size of dTTP pools 
in infected cells treated with the three-drug combination may 
reflect the suppression of the small pools of thymidine that 
are used in the synthesis of viral DNA. 

The data presented in this communication describe the 
rational design and evaluation of a combination of drugs that 
optimized the efficacy and selectivity of ACV. A novel 
analytical procedure demonstrated that the three drugs acted 
cooperatively to inhibit the replication of HSV-1 and identi- 
fied the optimal concentration of each drug. The apparent 
potency of ACV could be increased by more than 186-fold 
without producing synergistic cytotoxicity. We do not en- 
dorse this particular drug combination for clinical use be- 
cause of the toxicity known to be associated with 5-FdUrd. 
Nevertheless, we have clearly shown that it is possible to 
rationally design and evaluate efficacious and selective com- 
binations of drugs in vitro. One would hope that this ap- 
proach would be helpful in predicting the usefulness of 
combinations of drugs in the treatment of human disease. 
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INTRODUCTION 

The quantitative relationship between the dose or concentration of a given 
ligand and its effect is a characteristic and important descriptor of many 
biological systems varying in complexity from isolated enzymes (or binding 
proteins) to intact animals. This relationship has been analyzed in 
considerable detail for reversible inhibitors of enzymes. Such analyses have 
made assumptions on the mechanism of inhibition (competitive, 
noncompetitive, uncompetitive), and on the mechanism of the reaction for 
multi-substrate enzymes (sequential or ping-pong), and have required 
knowledge of kinetic constants (1-4). More recently, it has been possible to 
describe the behavior of such enzyme inhibitors by simple generalized 
equations that are independent of inhibitor or reaction mechanisms and do 
not require knowledge of conventional kinetic constants (i.e. K m , K<, V ma „) 
(5-8). 

Our understanding of dose-effect relationships in pharmacological systems 
has not advanced to the same level as those of enzyme systems. Many types of 
mathematical transformations have been proposed to linearize dose-effect 
plots, based on statistical or empirical assumptions, e.g. probit (9, 10), logit 
(11) or power-law functions (12). Although these methods often provide 
adequate linearizations of plots, the slopes and intercepts of such graphs are 
usually devoid of any fundamental meaning. 

THE MEDIAN EFFECT PRINCIPLE 

We demonstrate here the application of a single and generalized method for 
analyzing dose-effect relationships in enzymatic, cellular and whole animal 
systems. We also examine the problem of quantitating the effects of multiple 
inhibitors on such systems and provide definitions of summation of effects, 
and consequently of synergism and antagonism. 

Since the proposed method of analysis is derived from generalized mass 
action considerations, we caution the reader that the analysis of dose-effect 
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data is concerned with basic mass-action characteristics rather than with 
proof of specific mechanisms. Nevertheless, it is convenient and intuitively 
attractive to analyze and normalize all types of dose-response results by a 
uniform method which is based on sound fundamental considerations that 
have physicochemical and biochemical validity in simpler systems. Our 
analysis is based on the median effect principle of the mass action law (5-8), 
and has already been shown to be simple to apply and useful in the analysis of 
complex biological systems (13). 

The Median Effect Equation 
The median effect equation (6, 8) states that: 



f a /f u = (D/D m f 



(1) 



where D is the dose, £ and f u are the fractions of the system affected and 
unaffected, respectively, by the dose D, D m is the dose required to produce the 
median effect (analogous to the more familiar IC 50 , ED 50 , or LD 50 values), and 
m is a Hill-type coefficient signifying the sigmoid icity of the dose-effect curve, 
i.e., m = 1 for hyperbolic (first order or Michaelis-Menten) systems. Since by 
definition, Q + t = 1, several useful alternative forms of equation 1 are: 

f./d - o = - «]-■ = - 1)] = (D/D m r 

t = + (D m /D)f 
D = D m [f,/(1 - f a )]" m 

The median effect equation describes the behavior of many biological 
systems. It is, in fact, a generalized form of the enzyme kinetic relations of 
Michaelis-Menten (14) and Hill (15), the physical adsorption isotherm of 
Langmuir (16), the pH-ionization equation of Henderson and Hasselbalch 
(17), the equilibrium binding equation of Scatchard (18), and the 
pharmacological drug-receptor interaction (19). Furthermore, the median 
effect equation is directly applicable not only to primary ligands such as 
substrates, agonists, and activators, but also to secondary ligands such as 
inhibitors, antagonists, or environmental factors (5, 6). 

When applied to the analysis of the inhibition of enzyme systems, the 
median effect equation can be used without knowledge of conventional 
kinetic constants (i.e. V max or K t ) and irrespective of the mechanism of 
inhibition (i.e. competitive, noncompetitive or uncompetitive). Furthermore, 
it is valid for multisubstrate reactions irrespective of mechanism (sequential or 
ping-pong) (5-8). 
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The Median Effect Ploi 

The median effect equation (equation 1) may be linearized by taking the 
logarithms of both sides, i.e. 

log (4/f«) = m log (D) - m log (DJ 
or log [(f,)-' - I]' 1 = m log (D) - m log (DJ 

or log [(f u )-' - 1] = m log (D) - m log (DJ 

The median effect plot (Fig. 1) of y = log (£/%) or its equivalents with 
respect to x = log (D) is a general and simple method (13, 30) for determining 
pharmacological median doses for lethality (LD 50 ), toxicity (TD 50 ), effect of 
agonist drugs (ED 50 ), and effect of antagonist drugs (IC 50 ). Thus, the median- 
effect principle of the mass-action law encompasses a wide-range of 
applications. The plot gives the slope, m, and the intercept of the dose-effect 
plot with the median-effect axis [i.e. when f a = f a /£ - 1 and hence y = log 
(£A) = 0] which gives log (D J and consequently the D m value. Any cause- 
consequence relationship that gives a straight line for this plot will provide the 
two basic parameters, m and D m , and thus, an apparent equation that 
describes such a system. The linearity of the median-effect plot (as determined 
from linear regression coefficients) determines the applicability of the present 
method. 
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FIG. 1 . The median-effect plot at different slopes corresponding to m values of 0.5, 1 , 2 and 3. The 
plot is based on the median-effect equation (equation 1) in which the dose (D) has been 
normalized by taking the ratio to the median-effect dose (D ra ). Note that the ordinate log [(f a r 1 - 
[J ] is identical to log ft)" 1 - l]or log 
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Relation of the Median-Effect Equation to Michaelis-Menten and Hill 
Equations 

In the special case, when m = 1, equation 1 becomes f 8 = [1 + (D m /DJ* 
which has the same form as the M ichaelis-Menten equation (14), v/V max = [ 1 + 
(K^/S)]- 1 . In addition, when the effector ligand is an environmental factor 
such as an inhibitor, the equation, £ * [1 + (D B /D)]\ is valid not only for a 
single substrate reaction (Michaelis-Menten equation) but also for multiple 
substrate reactions; the fractional effect is expressed with respect to the 
control velocity rather than to the maximal velocity (6). Furthermore, f a in 
equation 1 is simple to obtain, whereas the determination of in the 
Michaelis-Menten (or Hill) equations requires approximation or extra- 
polation (6, 7). The logarithmic form of equation 1 describes the Hill equation. 

The Utility of the Median Effect Principle 

The median-effect equation has been used to obtain accurate values of IC 50 , 
ED 50 , LD 50 , or the relative potencies of drugs or inhibitors in enzyme systems 
(6-8, 21-26), in cellular systems (20, 27, 28) and in animal systems (13, 29-32). 
An alternative form of the median-effect equation (5) has been used for 
calculating the dissociation constant (Kj or K,) of ligands for pharmacological 
receptors (33-35). It has also permitted the analysis of chemical 
carcinogenesis data and has predicted especially accurately tumor incidence at 
low dose carcinogen exposure (30, 31). By using the median-effect principle, 
the general equation for describing a standard radioimmunoassay or ligand 
displacement curve has been derived recently by Smith (36). It has also been 
used to show that there is marked synergism among chemotherapeutic agents 
in the treatment of hormone-responsive experimental mammary carcinomas 
(32). In recent preliminary reports (13, 37), we have shown that, in 
conjunction with the multiple drug effect equations (see below), the median- 
effect plot forms the basis for the quantitation of synergism, summation and 
antagonism of drug effects. 



ANALYSIS OF MULTIPLE DRUG EFFECTS 

An Overview 

Over the past decades, numerous authors have claimed synergism, 
summation or antagonism of the effects of multiple drugs. However, there is 
still no consensus as to the meanings of these terms. For instance, in a review, 
Gotdin and Mantel in 1957 (38) listed seven different definitions of these 
terms. Confusion and ambiguity persist (39) despite increasing use of multiple 
drugs in experimentation and in therapy. This emphasizes the lack of a 
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theoretical basis that would permit rigorous and quantitative assessment of 
the effects of drug combinations. 

Attempts to interpret the effect of multiple drugs have been documented for 
more than a century (39). Since the introduction of the isobol concept by 
Loewe in 1928 (40, 41) and the fractional product concept (see Appendix) by 
Webb in 1963 (42), the theoretical and practical aspects of the problem have 
been the subject of many reviews (38, 43-5 1). Some authors have discussed the 
possible mechanisms that may lead to synergism, and others have emphasized 
methods of data analysis. The kinetic approach was used earlier by some 
investigators (4, 42, 52-58), but the formulations were frequently too complex 
to be of practical usefulness or were restricted to individual situations. 
Although not specifically stated, some formulations are limited to two 
inhibitors; others are valid only for first order (Michaelis-Menten type) 
systems but not for higher order (Hill type) systems, and still others are valid 
only for mutually nonexclusive inhibitors but not for mutually exclusive 
inhibitors. 

The present authors, therefore, have undertaken a kinetic approach to 
analyze the problem. An unambiguous definition of summation is a 
prerequisite for any meaningful conclusions with respect to synergism and 
antagonism. Ironically, two prevalent concepts for calculating summation 
i.e., the isobol and the fractional-product method, are shown to conform to 
two opposite situations. The former concept is valid for drugs whose effects 
are mutually exclusive, and the latter is valid for mutually nonexclusive drugs 
(13, 49), and thus these methods cannot be used indiscriminately (see 
Appendix). In this paper, we provide the equations for both situations and 
show that they are merely special cases of the general equations described 
recently (59). We also propose a general diagnostic plot to determine the 
applicability of experimental data, to distinguish mutually exclusive from 
nonexclusive drugs, and to obtain parameters that can be directly used for the 
analysis of summation, synergism or antagonism. 
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Requirements for Analyzing Multiple Drug Effects 

The following information is essential for analyzing multiple drug effects 
and for quantitating synergism, summation and antagonism of multiple 
drugs. 

1. A quantitative definition of summation is required since synergism 
implies more than summation and antagonism less than summation of effects. 

2. Dose-effect relationships for drug 1 , drug 2 and their mixture (at a known 
ratio of drug 1 to drug 2) are required. 

a. Measurements made with single doses of drug 1 , drug 2 and their mixture 
can never alone determine synergism since the sigmoidicity of dose-effect 
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curves and the exclusivity of drug effects cannot be determined from such 
measurements. 

b. The dose-effect relationships should follow the basic mass-action 
principle relatively well (e.g. median-effect plots with correlation coefficients 
for the regression lines greater than 0.9). 

c. Determination of the sigmoidicity of dose-effect curves and the 
exclusivity of effects of multiple drugs is necessary. The slope of the median- 
effect plot gives a quantitative estimation of sigmoidicity. When m = 1, the 
dose-effect curve is hyperbolic; when m ^ 1, the dose-effect curve is 
sigmoidal, and the greater the m value, the greater its sigmoidicity; m < 1 is a 
relatively rare case which in allosteric systems indicates negative cooperativity 
of drug binding at the receptor sites. When the dose-effect relationships of 
drug 1 , drug 2 and their mixture are all parallel in the median-effect plot, the 
effects of drug 1 and drug 2 are mutually exclusive (59), If the plots of drugs 1 
and 2 are parallel but the plot of their mixture is concave upward with- a 
tendency to intersect the plot of the more potent of the two drugs, their effects 
are mutually nonexclusive (59). If the plots for drugs 1 and 2 and their mixture 
are not parallel to each other, exclusivity of effects cannot be established. 
Alternatively, exclusivity of effects may not be ascertained because of a 
limited number of data points or limited dose range. In these cases, the data 
may be analyzed for the "combination index" (see below) on the basis of both 
mutually exclusive and mutually nonexclusive assumptions. Note that 
exclusivity may occur at a receptor site, at a point in a metabolic pathway, or 
in more complex systems, depending on the endpoint of the measurements. 



Equations for the Effects of Multiple Drugs 

A systematic analysis in enzyme kinetic systems using the basic principles of 
the mass action law has led to the derivation of generalized equations for 
multiple inhibitors or drugs (8, 59). 

1. For two mutually exclusive drugs that obey first order conditions. If two 
drugs (e.g., inhibitors D! and D 2 ) have effects that are mutually exclusive, then 
the summation of combined effects (t) li2 , in first-order systems (i.e., each drug 
follows a hyperbolic dose-effect curve) can be calculated from (59): 



(Uu (tti 

(D)i ^ 
(ED*), ^ (ED 50 )2 



(2) 
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■so)i (ED^ 



where f, is the fraction affected and £ is the fraction unaffected, and ED 50 is 
the concentration of the drug that is required to produce a 50% effect. Note 
that t + f u = 1 or 4 = 1 - t. 

2. For two'mutually nonexclusive drugs that obey first order conditions. If the 
effects of two drugs (D, and D 2 ) are mutually non-exclusive (i.e., they have 
different modes of action or act independently) the summation of combined 
effects, (£,) 1>2 , in a first-order system is (59): 



(4)u ft), ttt (Q, ft), 

= (D) ' + ™ + (D)i 

(ED*), (ED*), (EDjo), (ED^ (3) 



Similar relationships apply to situations involving more than two 
inhibitors, for which generalized equations are given in ref. 59. In enzyme 
systems, equations 2 and 3 express summation of inhibitory effects, 
irrespective of the number of substrates, the type or mode of reversible 
inhibition (competitive, noncompetitive or uncompetitive) or the kinetic 
mechanisms (sequential or ping-pong) of the reaction under consideration. 
The simplicity of the above equations (in which all specific kinetic constants, 
substrate concentration factors, and V max have been cancelled out during 
derivation) suggests their general applicability (5, 6). This is in contrast to the 
mechanism-specific reactions (3, 5) for which the equations are far more 
complex. In more organized cellular or animal systems, the dose-effect 
relationships of drugs or inhibitors are frequently sigmoidal rather than 
hyperbolic. 

3. For two mutually exclusive drugs that obey higher order conditions. The 
above concepts have been extended to higher-order (Hill-type) systems in 
which each drug has a sigmoidal dose-effect curve (i.e., has more than one 
binding site or exhibits positive or negative cooperativity). If the effects of 
such drugs are mutually exclusive: 



where m is a Hill-type coefficient which denotes the sigmoidicity of the 
dose-effect curve. 
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4. For two mutually nonexclusive drugs that obey higher order conditions. If 
the effects of two drugs (D, and D 2 ) are mutually nonexclusive and if each 
drug and their combination follow a sigmoidal dose-effect relationship with 
m th order kinetics, then this relationship becomes (59): 



(D), 



(EDso), 



(EDo), 



(ED 50 ) 1 (ED»), (5) 



In the special case where (f a ) u = (t),. 2 = 0.5, equations 2 and 4 become: 



- + 



(EPso)l (£^50)2 



= 1 



(6) 



which describes the ED 50 isobologram. 
Similarly, equations 3 and 5 become: 



(D), (Di 



(ED 50 ), (ED^ (EDso), (ED 50 )2 



= 1 



(7) 



which does not describe an isobologram, because of the additional term on the 

lCf In the Appendix it is shown that equation 3 or 7 can be readily used for 
deriving the fractional product equation of Webb (42), and equation 4 can be 
used for deriving the generalized isobologram equation for any desired £ 
value. Thus, for the isobologram at any fractional effect f a = x per cent, the 
generalized equation is: 



(g)j_ h s 1 

(Ox)) (E>x>2 



(8) 



The limitations of the fractional product concept and the isobologram 
method are detailed in the Appendix. 
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5. Quantitation of synergism, summation and antagonism. When 
experimental results are entered into equations 2-5, if the sum of the two terms 
in equation 2 or 4, or the sum of the three terms in equation 3 or 5 is greater 
than, equal to, or smaller than 1, it may be inferred that antagonism, 
summation or synergism of effects, respectively, has been observed. There- 
fore, from equations 2-5, if the combined observed effect is greater than the 
calculated additive effect, (f a ) 1>2 , synergism is indicated; if it is smaller, 
antagonism is indicated. 

It is, however, convenient to designate a "combination index" (CI) for 
quantifying synergism, summation, and antagonism, as follows: 



C1 = EL + 

(DJ, (EU 



(9) 



for mutually exclusive drugs, and 



CI = 



(D)i 
(D x ), 



0% 



(D), (D)> 



(D^ (D x ), (DU 



(10) 



for mutually nonexclusive drugs. 

For mutually exclusive or nonexclusive drugs, 
when CI < 1, synergism is indicated. 
CI = 1, summation is indicated. 
CI > 1, antagonism is indicated. 

To determine synergism, summation and antagonism at any effect level 
(i.e., for any f a value), the procedure involves three steps: i) Construct the 
median-effect plot (Eqn. 1) which determines m and D m values for drug 1, 
drug 2 and their combination; ii) for a given degree of effect (i.e., a given f> 
value representing x per cent affected), calculate the corresponding doses [i.e., 
(D„)|, (D x )j and (DJ lt2 ] by using the alternative form of equation I, D x = D m 
[^/(l - f a )] 1/m ; Hi) calculate the combination index (CI) by using equations 9 or 
10, where (D x ), and (D^ are from step (ii), and (DJ U [also from step (ii)] can 
be dissected into (D), and (D^ by their known ratio, P/Q. Thus, (D)i = (D x ) u 
X P/(P + Q) and (D\ = (D x ) u X Q/(P + Q). CI values that are smaller than, 
equal to, or greater than 1, represent synergism, summation and antagonism, 
respectively. 

To facilitate the calculation, a computer program written in BASIC for 
automatic graphing of CI with respect to f 8 has been developed. Samples of 
this computer simulation are shown in the examples to be given later. A 
sample calculation of CI without using a computer is also given in Example 1. 
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APPLICATIONS OF THE MEDIAN EFFECT EQUATION 
AND PLOTS TO THE ANALYSIS OF MULTIPLE 
DRUGS OR INHIBITORS 

Example 1. Inhibition of Alcohol Dehydrogenase by Two Mutually Exclusive 
Inhibitors 

Yonetani and Theorell (55) have reported the inhibition of horse liver 
alcohol dehydrogenase by two inhibitors (I, = ADP-ribose and I 2 = ADP) 
both of which are competitive with respect to NAD. Velocity measurements in 
the presence of a range of concentrations of the two inhibitors (alone and in 
combination) and control velocities were retrieved from the original plot, and 
tabulated in ref. 59. The results are most conveniently expressed as fractional 
velocities (Q which are the ratios of the inhibited velocities to the control 
velocities, and therefore correspond to the fraction of the process unaffected 
(t). The fractional velocities in the presence of ADP-ribose (95-375 fiu) y ADP 
(0.5-2.5 mm), and a combination of ADP-ribose and ADP at a constant molar 
ratio of 190 : 1 , have been plotted as log - 1] with respect to log (I) (Fig. 2). 
For ADP-ribose, m = 0.968, 150 = 1 56. 1 fxM with a regression coefficient of r = 
0.9988. For ADP, m = 1.043, I* = 1.657 /uM and r = 0.9996. For ADP-ribose 
and ADP in combination (molar ratio 190:1), m u = 1.004, (I 50 ) u = 107.0 mm 
and r = 0.9997. It is clear that both inhibitors follow first-order kinetics (i.e., m 
« 1) and that ADP-ribose and ADP are mutually exclusive inhibitors (i.e., the 
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hTG. 2. Median-effect plots of the experimental data of Yonetani and Theorell (55) for the 
inhibition of horse liver alcohol dehydrogenase by two mutually exclusive inhibitors. I ( is ADP- 
ribose (ADPR) I 2 is ADP, and I, + 1 2 is a mixture of ADP-ribose and ADP in a molar ratio of 
190:1. The abscissa represents log (I) i (•),log(Ih (O),orlog[(l)i +(I>2](190:1; A). In this case it is 
convenient to use the terms fractional velocity (&) which is the ratio of the inhibited to the control 
velocity and therefore corresponds to the fraction that is unaffected (t). [from Chou and Talalay 

(59)]. 
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plot for the combination of inhibitors parallels the plots for each of the 
component inhibitors). These conclusions are in agreement with the 
interpretations obtained by Yonetani and Theorell (55) and Chou and Talalay 
(59) using different methods. For the present analysis, knowledge of kinetic 
constants and type of inhibition is not required. The plots show excellent 
agreement between theory and experiment. 

With this knowledge of the m and L> 0 values for each inhibitor and the 
combination at a constant molar ratio, it is possible to calculate the inhibitor 
combination index (CI) for a series of values of f a (Fig. 3). The CI values are 
close to 1 over the entire range of 4 values, suggesting strongly that the 
inhibitory effects of ADP-ribose and ADP are additive. 



CI 
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FIG. 3. Computer-generated graphical presentation of the combination index (CI) with respect to 
fraction affected (&) for the additive inhibition by ADP-ribose and ADP (molar ratio of 190: 1) of 
horse liver alcohol dehydrogenase. The plot is based on equation 9 (mutually exclusive) as 
described in the section entitled "Quantitation of Synergism, Summation and Antagonism/' CJ is 
the combination index which is equal to (D)|/(Dx)j + (Dfe/fD^ (see text for sample calculation), 
CI < 1, = 1 and > 1 represent synergistic, additive and antagonistic effects, respectively. 
Although plots of CI .with respect to f a can be obtained by step-by-step calculations, it is much 
more convenient to use computer simulation. The parameters were obtained as described in Fig. 
2, by the use of linear regression analysis or computer simulation. 

We now give a sample calculation of the combination index (CI) for an 
arbitrarily selected value of f a = 0.9: 
From equation 1, D x = D m [f a /(l - fj] 1/m . 

Since I, is ADP-ribose and I 2 is ADP, 
then (!>„), = 156.1 mm [0.9/(1 - 0.9)] l/0968 = 1511 m m 

(D^ - 1.657 fxM [0.9/(1 - 0.9)] 1/1043 = 13.62 mm 

(DaOu = 107.0 jum [0.9/(1 - 0.9)] ,/, 0W = 954.6 txM 
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Since in the mixture I, : i 2 = 190:1, 
then, (D w ) u can be dissected into: 

(D), = 954.6 X [190/(190 + 1)] = 949.6 mm 

(D) 2 = 954.6 X [1/(190 + 1)] = 4.998 n«\ 

949.6 fiM 4.998 »m _ nQQ<;< . 
therefore, (CI). = + -55^" 0 " 55 " 

Since value of (CI),„ is close to 1, an additive effect of ADP-ribose and 
ADP at f, = 0.9 is indicated. „ 

A computer program for automated calculation of m, D ro , D„ r, and t-l at 
different f, values has been developed. 

Example 2. Inhibition of Alcohol Dehydrogenase by Two Mutually Non- 
Exclusive Inhibitors 

Yonetani and Theorell (55) also studied the inhibition of horse hver alcohol 
dehydrogenase by the two competitive, mutually nonexclusive inhibitors: 0- 
pTenanthroline (I ) and ADP (I,). The fractional velocity « values re neved 
from the original plot are given in ref. 59, and are pres ;en ted in ^m of a 
median-effect plot, i.e., log [(W - Jw«h respect to log (I) »g. 4> * 
Phenanthroline gives m= 1.303,15c = 36.81 M m and r- 0.9982, and ADP gives 
m , = 1 187, 1 5 „ = 1.656 m m and r = 0.9842. These data aga.n show that both 
Libitors oltow first order kinetics (i.e., m ~ 1). However, when the data for 



2.0 p 



1.5 



• I, :0-phenonthroline 

• I, : A0P 



1.0 

~U 0.5 

f o 

-0.5 




-0.5 



0.5 1.0 
log (I) 



1.5 



2.5 



phenanthroline, 1 2 is ADP, and I, +h is a mmu y ^ 
17 4-n The abscissa represents log (•), log (Ih (<->). or lo & IV )\ T VM1 \ > i 
' ' Talalay (59)]. 
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the mixture of 0-phenanthroline and ADP (constant molar ratio 17.4:1) are 
plotted in the same manner, a very different result is obtained: m u = 1.742 
(apparent), (I 50 ) u = 9.116 ;um and r = 0.9999. The dramatic increase in the 
slope of the plot for the mixture (in comparison to each of its components), 
clearly indicates that o-phenanthroline and ADP are mutually nonexclusive 
inhibitors. 

The combination indices at various 4 levels are given in Figure 5. The 
results indicate that there is a moderate antagonism at low £ values and a 
marked synergism at high f a values. 



FIG. 5. Computer-generated graphical presentation of the combination index (CI) with respect to 
fraction affected (£) for the inhibition of horse liver alcohol dehydrogenase by a mixture of o- 
phcnanthroline and ADP (molar ratio 17.4:1). The method of analysis is the same as that 
described in the legend to Fig. 3, except that equation 10 (mutually non-exclusive) is used. 

Example 3. Inhibition of the Incorporation of Deoxyuridine into the DNA of 
LI210 Leukemia Cells by Methotrexate (MTX) and 7-0-z>- 
Arabinofuranosylcytosine (ara~C) 

Murine L1210 leukemia cells were incubated in the presence of a range of 
concentrations of MTX (0. 1-6.4 ^m), of ara-C (0.0782-5.0 jum), or a constant 
molar ratio mixture of MTX and ara-C (1:0.782), and the incorporation of 
deoxyuridine into DNA was then determined. The fractional inhibitions (f a ) 
of dUrd incorporation are shown in Table 1. Analysis of the results by the 
median effect plot (Fig. 6) gave the following parameters: for MTX, m = 
1 .09 1 , D m = 2.554 mm, r = 0.9842; for ara-C, m = 1 .0850, D m = 0.06245 /*m, and 
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TABLE ]. INHIBITION OF [o-'HJDEOXYURIDINE (dUrd) INCORPORATION INTO 
DNA IN L12I0 LEUKEMIA CELLS BY METHOTREXATE (MTX) AND l-j9-r> 
ARAB1NOFURANOSYLCYTOSINE (ARA-C), ALONE AND IN COMBINATION 



Fractional inhibition (£) at fara-C] of 



MTX 


0 


0.782 


0.156 


0.313 


0.625 


1.25 


2.5 


5.0 


MM 




MM 


MM 


MM 


MM 


MM 


MM 


M M 


0 


0 


0.582 


0.715 


0.860 


0.926 


0.955 


0.980 


0.993 


0.1 


0.0348 


0.405 












0.2 


ND* 




0.587 












0.4 


ND 






0.775 










0.8 


0.140 








0.878 








1.6 


0.415 










0.943 






3.2 


0.573 












0.970 




6.4 


0.755 














ND 



•Result not used because of large variation between duplicates. 

L1210 murine leukemia cells (8 X 10* cells) were incubated in Eagle's basal medium (20) in the 
presence and absence of various concentrations of MTX and ara-C and their mixture (molar 
ratio, 1:0.782) at 37°C for 20 min and then incubated with 0.5 mm (1 ^Ci) of (o-'HJdUrd, at 37°C 
for 30 min. Fractional inhibition (fj or of [6- J H]dUrd incorporation into perchloric acid- 
insoluble DNA fraction was then measured as previously described (20). All measurements were 
made in duplicate. 



Aro-C 




-10 12 3 
log [ Concentration, fi M ] 

FIG. 6. Median-effect plot showing the inhibition of [6- J H]dUrd incorporation into DNA of 
L1210 murine leukemia cells by methotrexate (MTX), (O); arabinofuranosylcytosine (ara-C), (X); 
or their mixture (1:0.782), (+). Data from Table 1 have been used. 



r = 0.9995. For the combination of MTX and ara-C { 1 : 0.782), the parameters 
were: m = 1.1296, D m = 0.2496 pM, and r = 0.9995. The combination index 
(Fig. 7) shows a moderate antagonism between the two drugs at all values of 
fractional inhibition. 
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FIG. 7. Computer-generated graphical presentation of the drug combination index (CI) with 
respect to fraction affected (£) for the inhibitory effect of a mixture of methotrexate (MTX) and 
arabinof uranosylcytosine (ara-C) (molar ratio, 1 : 0.782) on the incorporation of [o-'HJdUrd into 
DNA of L1210 murine leukemia cells. The data from Table 1 and the parameters obtained from 
Fig. 6 have been used for this plot on the assumption that the drugs act in a mutually exclusive 

manner (equation 9). 



Example 4. Inhibition of the Incorporation of Deoxyuridine into the DNA of 
L1210 Leukemia Cells by Hydroxyurea (HU) and 5-Fluorouracil (5-FU) 

Murine L1210 leukemia cells were incubated in the presence of a range of 
concentrations of hydroxyurea (50-3,200 mm), or 5-fluorouracil (4.0-256 mm), 
and of a constant molar ratio mixture of hydroxyurea and 5-fluorouracil 
(12.5:1), and the incorporation of deoxyuridine (dUrd) into DNA was then 
determined. The fractional inhibitions (f a ) of dUrd incorporation are shown 
in Table 2. Analysis of the results by the median effect plot (Fig. 8) gave the 
following parameters: for hydroxyurea, m = 1.196, D m = 34.09 mm, and r = 
0.9908; for 5-fluorouracil, m = 1.187, D m = 8.039 mm, and r = 0.9978; and for 
the mixture of hydroxyurea and 5-fluorouracil ( 12.5 :1), m = 1.407, D m = 225.8 
MM, and r = 0.9776. It is immediately apparent from Figure 8 that the effects of 
hydroxyurea and 5-fluorouracil are markedly antagonistic since the median- 
effect plot for the mixture lies to the right of both parent compounds. The 
degree of this antagonism falls as the level of inhibition increases, i.e. as f a 
increases (Table 3). The reasons for this marked antagonism are obscure, but 
may be of practical importance. 
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TABLE 2. INHIBITION OF [o-'HJDEOXYURIDINE INCORPORATION INTO DNA IN 
LI210 LEUKEMIA CELLS BY HYDROXYUREA (HU), AND 5-FLUOROURACIL 
(5-FU). ALONE AND IN COMBINATION 

Fractional inhibition (f a ) at [5-FU] of 



HU 


0 


4 


8 


16 


32 


64 


128 


256 


JIM 






/IM 


JUM 


/IM 




JUM 


/AM 


0 


0 


0.348 


0.475 


0.661 


0.827 


0.923 


0.966 


0.985 


50 


0.605 


0.208 














100 


0.741 




0.168 












200 


0.889 






0.345 










400 


0.962 








0.747 








800 


0.984 










0.885 






1,600 


0.990 












0.957 


0.977 


3,200 


0.994 















L1210 murine leukemia cells (4.5 x 10 6 ) were incubated as described in the legend to Table 1, 
except that the incubation period with drugs prior to the addition of [6- 3 HJdUrd was 40 min. 
The results are analyzed in Fig. 8 and Table 3. 




FIG. 8, Computer-generated median effect plot showing the inhibition of the incorporation of [6- 
'HJdUrd into DNA of L1210 murine leukemia cells by hydroxyurea (HU), (0); 5-fluorouracil (5- 
FU), (X), or their mixture (12.5 : 1), (+). The data given in Table 2 have been used. The parameters 
(m, D m and r) can be obtained automatically. 

Example 5. The Lethal Effects of Two Insecticides on Houseflies 

Nearly 50 years ago Le Pelley and Sullivan (60) reported very careful 
dose-effect data for the lethality of rotenone, pyrethrins, and a mixture of 
these insecticides on houseflies. Adult houseflies were sprayed with alcoholic 
solutions of rotenone, pyrethrins, and a mixture of the two insecticides in a 
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TABLE 3. CALCULATED VALUES FOR THE COMBINATION INDEX AS A 
FUNCTION OF FRACTIONAL INHIBITION (F a ) OF THE INCORPORATION OF 
[6- J H]DEOXYURIDINE INTO DNA OF LI210 LEUKEMIA CELLS BY A MIXTURE 
OF HYDROXYUREA AND 5-FLUOROURACIL (MOLAR RATIO 12.5:1) 



Fractional inhibition 
ft) 



Combination index 
(CI) 



Diagnosis of combined effect 



0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
0.95 



11.95 
10.86 
9.80 
9.15 
8.65 
8.21 
7.80 
7.38 
6.89 
6.21 
5.61 



Antagonism 
Antagonism 
Antagonism 
Antagonism 
Antagonism 
Antagonism 
Antagonism 
Antagonism 
Antagonism 
Antagonism 
Antagonism 



The combination index was calculated on the. assumption that the two drugs are mutually 
exclusive (Eqn. 9). The combination index was generated by computer on the basis of 
parameters obtained from the median effect plot (Fig. 8). 



ratio by weight of 1:5. One thousand flies were used for each dose. The data 
are of historical interest since four different laboratories have attempted to 
answer the question whether there is synergism among these insecticides. The 
numerical results were retrieved by Finney (9) from the diagrams contained in 
the original paper (60). 

These quantal data were equally suitable for analysis by the median effect 
principles as were the earlier examples in which graded responses were 
analyzed. We have recently provided a preliminary analysis of these results 
(13). The parameters of the median effect equation are shown in Table 4. 

The dose-effect relationships for rotenone, pyrethrins and their mixture are 
clearly sigmoidal (Fig. 9A) with slopes (m values) ranging from 2.52 to 2.75 
(Fig. 9B and Table 4). The regression coefficients (r) are greater than 0.993, 
indicating that the applicability of the method to the data is excellent. The 
median-lethal doses (LD^'s) for rotenone, pyrethrins and their mixture (1:5) 
as calculated from the median-effect plot are 0.157, 0.916 and 0.450 mg/cc, 
respectively (Fig. 9B). These values are in close agreement with those obtained 
from probit analysis by Finney (9) who obtained 0.156, 0.918 and 0.455 
mg/cc, respectively. 

The original authors interpreted the results as indicating no striking 
antagonistic or synergistic effect of the mixture. Richardson used a predictive 
method for the mixture equivalent to the similar action law (9) and asserted 
that there was pronounced synergism. Bliss supported Richardson's 
conclusion, and Finney, after a new analysis of data, also agreed that there 
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FIG. 9. Lethality of rotenone and pyrethrins to houscflics. Experimental data of LePeilcy and 
Sullivan (60), retrieved in ref. 1 3, were plotted for rotenone (R), pyrethrins (P), and their mixture 
(1: 5, by weight) (R + P), on an arithmetic scale {A\ and according to the median effect plot (B). 

TABLE 4. TOXICITY OF ROTENONE AND PYRETHRINS TO HOUSEFL1ES (60) 

Parameters of median effect equation 



Insecticide 


m 


Do, 
(mg/cc) 


ymtcfccpt 


r 


Rotenone 


2.757 


0.1571 


2.216 


0.9952 




(± 0.157) 






0.9960 


Pyrethrins 


2.528 


0.9097 


0.0964 


(± 0.158) 






0.9938 


Rotenone-Pyrethrins mixture (1:5) 


2.519 


0.4497 


0.8743 




(± 0.162) 









The m values (± S.E.) are the slopes of plots of log [(£ X 1 -If 1 with respect to log (D), and were 
obtained by simple regression analysis on a programmable electronic calculator which also gives 
the y-intercepts and the linear regression coefficients (r). The median effect concentration is given 
by anti log {-y-interccpt/m). These results may also be obtained by the use of a computer program 
developed for this purpose (37). 

was evidence of synergism (9). The present paper uses a new method and 
shows that rotenone and pyrethrins are indeed somewhat synergistic, as 
shown quantitatively in Figure 10. 



SUMMARY 

A generalized method for analyzing the effects of multiple drugs and for 
determining summation, synergism and antagonism has been proposed. The 
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FIG. 10. Computer-generated graphical presentation of the combination index (CI) with respect 
to fraction affected <f a ) for the lethality to houseflies of a mixture of rotenone and pyrethrins (ratio 
of 1:5, by weight). The data of ref. 13 (Fig. 9) and the method of calculation described in the 
legend to Fig. 3 were used. 



derived, generalized equations are based on kinetic principles. The method is 
relatively simple and is not limited by 1) whether the dose-effect relationships 
are hyperbolic or sigmoidal, 2) whether the effects of the drugs are mutually 
exclusive or nonexclusive, 3) whether the ligand interactions are competitive, 
noncompetitive or uncompetitive, 4) whether the drugs are agonists or 
antagonists, or 5) the number of drugs involved. 

The equations for the two most widely used methods for analyzing 
synergism, antagonism and summation of effects of multiple drugs, the 
isobologram and fractional product concepts, have been derived and been 
shown to have limitations in their applications. These two methods cannot be 
used indiscriminately. The equations underlying these two methods can be 
derived from a more generalized equation previously developed by us (59). It 
can be shown that the isobologram is valid only for drugs whose effects are 
mutually exclusive, whereas the fractional product method is valid only for 
mutually nonexclusive drugs which have hyperbolic dose-effect curves. 
Furthermore, in the isobol method, it is laborious to find proper 
combinations of drugs that would produce an iso-effective curve, and the 
fractional product method tends to give indication of synergism, since it 
underestimates the summation of the effect of mutually nonexclusive drugs 
that have sigmoidal dose-effect curves. The method described herein is devoid 
of these deficiencies and limitations. 
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The simplified experimental design proposed for multiple drug-effect 
analysis has the following advantages: 1) It provides a simple diagnostic plot 
(i e the median-effect plot) for evaluating the applicability of the data, and 
provides parameters that can be directly used to obtain a general equation for 
the dose-effect relation; 2) the analysis which involves logarithmic conversion 
and linear regression can be readily carried out with a simple programmable 
electronic calculator and does not require special graph paper or tables; and 3) 
the simplicity of the equation allows flexibility of application and the use of a 
minimum number of data points. This method has been used to analyze 
experimental data obtained from enzymatic, cellular and animal systems. 
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A novel class of chemical microchips consisting of glass microscope slides was prepared for the covalent 
attachment of small molecule ligands and peptides through site-specific oxime bond or thiazolidine 
ring ligation reaction Commercially available microscope slides were thoroughly cleaned and 
denva ized with (3-amino P ropyl)triethoxysilane (APTES). The amino slides were then converted to 
glyoxylyl derivatives via two different routes: (1) coupling of Fmoc-Ser followed by deprotection and 
oxidation, or (2) coupling with protected glyoxylic acid and final deprotection with HC1. Biotin or peptide 
ligands denvatized at the carboxyl terminus with a 4,7,10-trioxa-l,13-tridecanediamine succinimic 
acid linker and an amino-oxy group or a 1,2-amino-thiol group (e.g., cysteine with a free N«-amino 
group) were printed onto these slides using a DNA microarray spotter. After chemical ligation the 
microarray of immobilized ligands was analyzed with three different biological assays: (1) protein- 
binding assay with fluorescence detection, (2) functional phosphorylation assay using [y 33 Pl- ATP and 
specific protein kinase to label peptide substrate spots, and (3) adhesion assay with intact cells. In 
the cell adhesion assay, not only can we determine the binding specificity of the peptide against 
different cell lines, we can also determine functional cell signaling of attached cells using immuno- 
fluorescence techniques in situ on the microchip. This chemical microchip system enables us to rapidly 
analyze the functional properties of numerous ligands that we have identified from the "one-bead 
one-compound combinatorial library method. 



INTRODUCTION 

Ever since the introduction of solid-phase peptide 
synthesis by Professor Bruce Merrifield in 1963, there 
has been a revolutionary advancement in peptide and 
organic synthesis (I). This technique was rapidly im- 
proved and modified for the synthesis of long peptides 
or proteins, peptide libraries and even small organic 
molecule libraries (2-5). A decade ago, by adopting the 
solid-phase peptide synthesis method, we reported the 
synthesis and screening of a "one-bead one-compound" 
combinatorial peptide library (6, 7). In this method, using 
a split synthesis approach (6, 8, 9), millions of peptide- 
beads were generated such that each bead displays only 
one chemical entity (6, 7). Because each compound-bead 
is spatially separable, the "one-bead one-compound" 
combinatorial library can be viewed as a huge microarray 
platform that is not addressable. Using various screening 
techniques (7), we can identify the compound-beads with 
a specific biological, chemical, or physical property and 
isolate them for structural determination. Over the last 
10 years, we have successfully used this technology to 
identify ligands for various protein targets (6, 10- 13) or 
small molecule dyes (14), and peptide substrates for 
various protein kinases (15-17). In addition, using intact 
cell lines as a probe, we were able to identify ligands that 
bind to cell surface receptors (IS). Many ligands for 
various molecular targets can be identified with this 
combinatorial approach. There is an urgent need for the 
development of a highly minaturized and high-through- 
put technique to characterize the binding specificity of 
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these ligands. The DNA microarray technique has been 
developed in recent years as a powerful tool for genomic 
analysis. In this method, thousands of genes (cDNA) are 
immobilized as individual tiny spots on microscope slides, 
and fluorescent-labeled cDNA derived from mRNA of 
whole cell lysate is then used to probe the gene micro- 
array (19, 20). This elegant technique enables one to 
determine expression levels of multiple genes in one 
single experiment. This method has inspired us to 
develop a peptide and small molecule microarray based 
technique to achieve our goal of rapidly analyzing the 
binding and functional properties of the leads identified 
from our combinatorial libraries. We reported the chemi- 
cal microarray work at the American Peptide Symposium 
in June of 1999 (21). Independently, a similar microarray 
method has also been reported by Schreiber's group (22). 
More recently, MacBeath and Schreiber modified their 
method to protein microarrays (23). 

Spot synthesis on cellulose sheets and light-directed 
parallel synthesis on special glass slides have already 
been reported for the generation of peptides in a micro- 
array format (24, 25). Photogenerated acids have been 
introduced to make the light-directed synthesis simpler 
on a glass slide for microarray preparation (26). Proteins 
and enzymes have been immobilized on either acryl- 
amide-gel pads or glass slides with special Teflon cover 
in a microarray format for high throughput screening (27, 
28). In these cases, proteins or enzymes are bound to the 
slides through covalent nonspecific site of attachment, 
or noncovalently by hydrophobic or electrostatic interac- 
tion. Several types of chemistries have been applied in a 
DNA microarray system using glass surface modified 
with amino, epoxide, carboxylic acid, aldehyde, or sulf- 
hydryl groups (29, 30). Schreiber's group has reported 
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Chemical Microarray for Cell Adhesion and Functional Assays 

the Michael addition of thiol-containing compounds onto 
maleimide-derivatized glass slides for the microarray 
printing of small molecules (22). In the last five years, 
chemoselective ligation methods have been developed to 
chemically link unprotected peptide fragments together 
to form larger peptides or proteins (31-34). These 
coupling reactions are efficient and highly specific. We 
have reported the use of these ligation methods to 
iodinate peptide (35) and to derivatize the N-terminal 
cysteine of a single chain monoclonal antibody molecule 
via thiazolidine ring formation (36). In this report we 
applied this chemoselective ligation reaction to covalently 
attach peptides or small molecules onto the glyoxylyl- 
derivatized glass slide via oxime bond or thiazolidine ring 
formation. These chemical microarrays were then sub- 
jected to a number of biological assays, including protein 
binding, substrate phosphorylation, and cell adhesion. 

EXPERIMENTAL PROCEDURES 

Materials. Avidin-Cy5 and Streptavidin-Cy3 were 
obtained from Pharmacia, Amersham; anti-phospho- 
tyrosine antibody-FITC and anti-Mouse IgG-Cy5 conju- 
gates from Sigma, St. Louis, MO; Calcein AM or Cell- 
Tracker Orange from Molecular Probes, Eugene, OR; 
anti-/?-endorphin moncolonal antibody (clone 3-E7) was 
obtained from Boehringer Mannheim, Indianapolis, IN; 
0-(nydrazinocarbonyl methyl) O-methyl-poly (ethylene 
glycol)-5000 (PEG 5 ooo-NHNH 2 ) from Fluka, Milwaukee, 
WI; stearic acid, glyoxyic acid, all other fatty acids and 
other chemicals used in this study were obtained form 
Aldrich Chem Co., Milwaukee, WI. All Fmoc-protected 
amino acids and resins were purchased from Nova- 
Bachem, Switzerland or Advanced ChemTech, Louisville, 
KY; human pGO^ protein tyrosine kinase was purchased 
from Upstate Biotechnology Inc., Lake Placid, NY. Thin- 
wall polycarbonate 96 well plates were obtained from 
Corning Inc. New York, NY. Ordinary microscope slides 
were obtained from Corning or Fisher, and amino- 
functionalized slides from CEL Associates, Houston TX. 
The anti-human insulin antibody was purified from 
ascites derived from HB125 murine hybridoma cell line 
(ATCC) using a protein G column (Pharmacia). 

Preparation of Glyoxylyl Modified Glass Slides. 
Ordinary glass microscope slides (75 mm x 25 mm; 1.06 
mm thickness) were cleaned extensively by dipping in 
1% NaOH followed by 3% HC1 both at 90 °C for 10 min. 
The slides were then placed in boiling 35% HN0 3 in a 
reaction vessel fitted with a water condenser and the 
outlet passed though cold 1% NaOH solution for 1 h. The 
slides were thoroughly washed six times with distilled 
water, followed by methanol, and dried under vacuum 
overnight. The dry slides were dipped in 2% (3-amino- 
propyl)triethoxysilane (APTES) in dry toluene containing 
anhydrous NaS0 4 or 4 A molecular sieves and stirred at 
room temperature for 3 h. The amino slides were thor- 
oughly washed with toluene followed by dichloromethane 
(DCM) and N2 dried. The slides were then cured over- 
night at 190 °C. The amino slides were placed in a Fmoc- 
Ser-OH solution (50 mM) in DMF along with DIC and 
HOBt (50 mM each) for 1.5 h and washed five times with 
DMF. The Fmoc group was removed by 20% (v/v) pi- 
peridine in DMF, and the deprotected Ser was oxidized 
by a NaI0 4 solution (100 mM) for 2 h. This procedure 
results in surface derivatization of both sides of the slides 
°y a glyoxylyl group. 

Alternatively, we have also used protected glyoxylic 
acid to derivatize the amino slide. To a solution of 
glyoxylic acid (1 M) in DMF was added HC1 to give a 



Bioconjugate Chem., Vol. 12, No. 3, 2001 347 

concentration of 0. 1 mM, followed by addition of ethylene 
glycol to give a final concentration of 5 M. The solution 
was allowed to react in a boiling water bath for 30 min 
to obtain protected glyoxylic acid. The product was 
directly used for DIC-HOBt coupling reaction. The 
amino slides were placed in a solution of freshly prepared 
protected glyoxylic acid (10 mM), stearic acid (40 mM), 
DIC (50 mM), and HOBt (50 mM) dissolved in DMF and 
stirred at room temp for 2 h. The slides were washed with 
DMF (four times) and DCM (three times) and air-dried. 
The acetal protecting group was removed by placing the 
slides in 0.01 M HCl solution with stirring at room temp 
for 2 h. Finally the glyoxylyl slides were washed four 
times with distilled water and three times with methanol 
and dried under vacuum overnight. In a similar manner, 
different fatty acids (in place of stearic acid) along with 
different proportions of glyoxylic acid were used for the 
slide preparation. 

Peptide Synthesis. Peptides were synthesized ac- 
cording to standard Fmoc-chemistry on Rink resin. After 
TFA cleavage, the peptides were purified on a C-18 
reverse phase column (Vydac, Hesperia, CA) using a 
Beckman HPLC system and characterized by ESMS. The 
hydrophilic linker, Fmoc-4,7,10-trioxa-l,13-tridecanedi- 
amine succinimic acid (Fmoc-Ttds-OH), was synthesized 
according to our previous report (36) , and its purity was 
confirmed by HPLC and ES MS. 

Microarray Spotting. Peptides or biotin containing 
a Ttds- linker and an amino-oxy acetyl group or Lys (Cys) 
at their carboxyl termini were used for microarray 
spotting. The compounds were dissolved in 300 mM NaCl 
and 250 mM NaOAc (pH 5.2) at a concentration of 1-3 
mM and distributed into a thin-wall polycarbonate 96 
well plate (15 per well). Both linear and array mode 
of spotting were carried out using the Affymatrix 417 
arrayer (Santa Clara, CA). A spacing of 500 jwm or 300 
ftm was employed between the spots with one to three 
repetitions for each spot. Soon after spotting, the slides 
were transferred to a plastic rack inside a plastic box 
containing saturated NaCl and incubated at room tem- 
perature overnight. The slides were thoroughly washed 
with distilled water, air-dried, and stored under N 2 . 

Fluorescent Binding Assay. The microarray slides 
were blocked for 3 h with 1% (w/v) BSA solution in PBS 
(1 mL per slide), rinsed with water (six times), and air- 
dried. Protein labeled with fluorescent dye Cy3 or Cy5 
(1-2 ,ug /ml) was added to the slides and kept in dark 
for 45 min. In the case of secondary antibody detection 
technique, the slides were first incubated with the pri- 
mary antibody (anti-insulin antibody or anti-/?- endorphin 
antibody) for 1.5 h and washed with distilled water, 
followed by incubation with fluorescent dye conjugated 
secondary antibody for 45 min. The slides were washed 
with deionized water, air-dried, and scanned on both 
channels of the General Scanning (ScanArray 3000) 
confocal microscope fluorescence scanner. 

Protein Kinase Functional Assay. The microarray 
slides were blocked with 1% BSA solution in PBS as 
mentioned above. Human p60 c_src protein tyrosine kinase 
(30 units) and [y 33 P]-ATP (3000 Ci/mmol) were mixed in 
1 mL of MES buffer (50 mM, pH 6.8) and placed over 
the slides and allowed to react for 5 h. The slides were 
washed thoroughly with deionized water and placed in 
boiling HCl (1 M) for 5 min. The slide was rinsed with 
water, air-dried, and exposed to low energy X-ray film 
(Kodak Biomax MR film) for 5 h, after which the film 
was developed. 

Cell Adhesion Assay. To block nonspecific binding 
of the cells, each slide was covered with 1 mL of 
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0-(hydrazinocarbonyl methyl) -O-methyl-poly (ethylene gly- 
col)-5000 (PEG 50 oo~NHNH 2 , 2 mM) in 0.2 mM NaOAc 
buffer at pH 5.2. After 4 h, the slides were rinsed with 
deionized H 2 0 and dried in a desiccator. The slides were 
then covered with a suspension of intact cancer cell line 
(2 x 10 6 cells in 1 mL of medium) and incubated at room 
temperature for 30 min. After gentle washing with PBS, 
if the slides were to be studied under fluorescent micro- 
scope or array scanner, the cells were then stained with 
Calcein AM or Cell-Tracker Orange, respectively. After 
30 min of incubation, the slides were washed gently with 
PBS before analysis. In some experiments, the bound 
cells were fixed with acetone and stained with Giemsa 
stain. 

Immunofluorescence Microscopy. Immunofluores- 
ence microscopy was performed in continuation of cell 
adhesion assay. After cell binding, the slides were covered 
with 1 mL of 3.7% paraformaldehyde to fix the cells. After 
15 min, paraformaldehyde solution was aspirated, and 
the slides were washed with 0.5% Triton X-100 in TBS 
buffer for 5 min and TBS for another 5 min. To detect 
the effect of cell adhesion on intracellular tyrosine 
phosphorylation of proteins, 45 fiL of FITC conjugated 
anti-phosphotyrosine antibody (1/40 dilution) was added. 
The slides were incubated for 1 h at room temperature 
and washed in TBS for 5 min. The slides were then 
mounted for observation under fluorescent microscope. 
For the negative control slide (without peptide), cell 
attachment to the glass slide was accomplished with 
cytospin. The cells were then fixed, processed, and 
examined under the fluorescent microscope as above. 

RESULTS AND DISCUSSION 

Slide Preparation. We have tried various com- 
mercially available microscope slides for this microarray 
technique. Corning and Fisher slides were found to be 
the best for our purpose. First the slides were treated 
with NaOH and HC1, followed by boiling with HN0 3 to 
remove all organic matter and free up more surface Si- 
OH groups for the derivatization with APTES. Optimal 
conditions for the amino modification was to incubate 2% 
APTES solution in dry toluene for 3 h (Scheme 1). Strict 



anhydrous conditions were maintained during this step 
to avoid white precipitate formation on the surface of the 
slides (probably a polymer of the silane). We have also 
tried prederivatized amino slides from CEL Associates 
with satisfactory results. The amino slides reacted with 
Fmoc-Ser in the presence of DIC, HOBt, followed by 
removal of the Fmoc group. Final oxidation with NaI0 4 
will generate slides with a uniform coating of glyoxylyl 
groups (Scheme 2). Alternatively acetal protected gly- 
oxylic acid was directly coupled to the amino slides 
followed by deprotection with dilute HC1 (Scheme 3). We 
have found that this alternative method is more con- 
venient, efficient, and consistent. To maximize the signal- 
to-noise ratio, we need to create a glass surface that has 
minimal nonspecific binding during biological assays. In 
addition, the printed chemical spots need to be uniform, 
precise, and cannot spread to the adjacent areas of the 
microarray. We believe that these requirements can be 
achieved through (1) the creation of an optimal hydro- 
phobic-hydrophiiic balance on the glass surface, and (2) 
the use of appropriate blocking agents prior to the 
biological assays. To achieve these goals, we added 
various fatty acids such as butyric, valeric, hexanoic, 
heptanoic, octanoic, decanoic, lauric, myristic, palmetic, 
and stearic acids separately along with protected gly- 
oxylic acid during the coupling step. Stearic acid was 
found to be best in this regard. We also tried various 
ratios of glyoxylic acid to stearic acid and found that a 
1:4 ratio was optimal for the least nonspecific binding 
and reproducible well-defined spots. These slides are 
designated as (10:40) slides. Slides without the addition 
of fatty acids tend to generate larger spots that often 
spread to the adjacent areas. This is probably due to the 
hydrophilic character of the modified glass surface that 
leads to greatly reduced surface tension between the 
aqueous spot and the surface of the slide. Spots generated 
from the (10:40) slides are smaller and usually do not 
have the problem with spreading. 

Peptides were synthesized by Fmoc-chemistry using 
DIC/HOBt as coupling reagents. The Ttds-linker was 
used to connect the carboxyl terminus of the peptide to 
the glass slide as shown in Scheme 4. The linker is 
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Scheme 3. Preparation of Glass Slides for Microarray Spotting by the Glyoxylic Acid Method 
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critical in some biological assays (see below). The gly- 
oxylyl group exhibits desirable reactivity in that it will 
react specifically with oxy-amine to form oximes, with 
1,2 -amino- thiols (e.g., N-terminal cysteine) to form thia- 
zolidine rings, or with hyrazines to form hydrazones at 
acidic pH. We have tried various additives for this 
ligation reaction. These include glycerol, ethylene glycol, 
PEG-1000, PEG-4000, and PEG-6000. High molecular 
weight PEG caused more spreading of the spots, and 
hence they were avoided. We have tried various blocking 
agents such as O-allyl-hydroxylamine, O-ethyl-hydroxyl- 
amine, trimethylsilyl hydroxylamine, fe/t-butyldimethyl- 
silyl-hydroxylamine, 0-terf-butyl-hydroxylamine, and 
PEG5000NHNH2 to improve the background of slides. 
PEG5000NHNH2 was found to be the best in the case of 
cell adhesion assay. For protein binding assay, we found 



that chemical blocking of the glyoxylyl group is not 
needed. Blocking with 1% BSA prior to biological assay 
is sufficient. 

Fluorescent Binding Assay. Previously we have 
identified peptide sequences that bind specifically to 
avidin (e.g., HPYPP) and streptavidin (e.g., HPQ) using 
the "one-bead one-compound" combinatorial library ap- 
proach (6, 12), Biotin and peptides (WSHPQFEK and 
HPYPP) containing Ttds-linker with Dpr (Aoa) at the 
carboxyl end were printed onto the glass slide and then 
probed with a mixture of streptavidin-Cy3 and avidin- 
Cy5 conjugates. As expected, biotin bound to both strepta- 
vidin and avidin. Peptide WSHPQFEK only bound to 
streptavidin, whereas peptide HPYPP bound to avidin 
only (Figure 1). This result validates that the microarray 
methodology could be applied to both peptides and small 
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Figure 1. Binding of streptavidin-Cy3 (red) and avidin-Cy5 
(green) conjugates to a microarray of biotin, and peptides 
HPYPP and WSHPQFEK. As expected, avidin bound to HPYPP, 
streptavidin bound to WSHPQFEK, and both avidin and 
streptavidin bound to biotin. 
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Figure 2. Binding of anti-human insulin monoclonal antibody 
to the immobilized mimotope peptide pqrGstG in a microarray 
format. The microarray was first treated with the primary anti- 
human insulin antibody, followed by secondary anti-mouse IgG- 
Cy5 conjugate. The peptides were spotted in triplets. Column 
1: YGGFL, 2: wGeyidvk, 3: pqrGstG. 4: WSHPQFEK, and 5: 
biotin. As expected, anti-human insulin antibody bound to 
pqrGstG peptide only. 

molecules, such as biotin. In another experiment, several 
peptides (YGGFL, wGeyidvk, pqrGstG, WSHPQFEK) 
and biotin were spotted in a microarray format, and their 
binding specificity to an anti-insulin MoAb (HB125) was 
evaluated. From our previous epitope mapping effort, 
pqrGstG was a mimotope peptide that we had discovered 
for the anti-insulin MoAb (37). As expected, after incu- 
bating with the primary HB125 MoAb followed by anti- 
mouse IgG-Cy3, only peptide pqrGstG was positive 
(Figure 2. column 3). To confirm the applicability of this 
technique in a microarray format, we spotted the 
pqrGstG peptide on five identical (10:40) slides along with 
biotin in an alternate pattern. Four of the five slides were 
incubated with the primary anti-insulin MoAb (HB125) 
for 1.5 h, followed by one of the following secondary 
reagents: strep tavidin-Cy3, avidin-Cy5, anti-mouse IgG- 
Cy3, or a mixture of avidin-Cy5 and anti-mouse IgG-Cy3. 
The remaining slide was treated with a mixture of avidin 
Cy5 and anti-mouse IgG-Cy3. As expected, no staining 
was observed in the microarray that had been incubated 
with the secondary antibody anti-mouse IgG-Cy3 alone. 
For the slide that had been incubated with HB125 MoAb 
followed by a mixture of avidin-Cy5 and anti-mouse IgG- 
Cy3, the biotin spot was labeled with Cy5 and the 
pqrGstG spot labeled with Cy3 (Figure 3). On the same 
slide, the reference spot that had both biotin and pqrGstG 
was labeled with both Cy3 and Cy5 (see arrow in Figure 



Falsey et al. 




Figure 3. Biotin-linker-Dpr (Aoa) and pqrGstG-linker-Dpr(Aoa) 
peptide were spotted alternatively on this slide. The amino slide 
was funtionalized with 10:40 glyoxylic acid:stearic acid. The 
green spots are due to the avidin-Cy5 binding to biotin and red 
spots due to the anti-insulin monoclonal antibody binding to 
pqrGstG peptide. The slides were first treated with anti-insulin 
antibody (1 //g/mL) followed by a mixture of avidin-Cy5 and anti- 
mouse IgG-Cy3 (1 : 1000 each). The slide was scanned under red 
and green channels. The color shown is not original. The final 
image was obtained by overlaying the two pictures that were 
scanned separately. The distance between the spots is 500 t um. 
The arrow marks the spot that both pqrGstG peptide and biotin 
were printed onto the glass. As expected, this spot bound to both 
avidin and anti-insulin antibody. 

3). For the slides that had been incubated with HB125 
MoAb followed by streptavidin-Cy3 or avidin-Cy5, only 
the biotin spots were labeled (data not shown). For the 
slide that had been incubated with HB125 MoAb followed 
by anti-mouse IgG-Cy3, only the pqrGstG spots were 
labeled (data not shown). 

Protein Kinase Functional Assay. To demonstrate 
the versatility of the chemical microarray approach for 
functional assays, we carried out a solid -phase phos- 
phorylation assay that is very similar to the condition 
we used to screen a combinatorial bead library for peptide 
substrates with specific protein kinases (15—17). A 
known peptide substrate for p60 c-src protein tyrosine 
kinase EEIYGEFF ( 38, 39) was used in this study. Figure 
4 shows the autoradiogram of the peptide microarray that 
has been phosphorylated by p60 c " src using [y 33 P]ATP, 
instead of [y 32 P]ATP as the phosphoryl donar. 33 P was 
used because it gives a much better resolution of the 
radiolabeled microarray. In another experiment, we 
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Figure 4. Autoradiogram of [ 33 P]-labeled EEIYGEFF peptide 
microarray (spotted at various concentrations) that had been 
phosphorylated by p60 c - 5rc protein tyrosine kinase. 

evaluated the importance of the Ttds linker in the 
phosphorylation assay. The peptide substrate EEIYGEFF 
was ligated directly to the glass slide without the use of 
the Ttds linker. No phosphorylation was observed on this 
peptide microarray (data not shown), indicating the 
importance of a long flexible hydrophilic linker in this 
assay. 

Cell Adhesion Assay. We have reported the use of a 
whole cell binding assay to screen a "one-bead one- 
compound" combinatorial library peptide library for the 
identification of cell surface binding ligands (J8j. In 
addition, we have previously reported the use of an 
enzyme-linked colorimetric screening method, with puri- 
fied idiotype derived from WEHI-231 murine lymphoma 
cell line, to screen an all-D-amino acid 8-mer peptide 
library. We identified wGeyidvk as a peptide that bound 
specifically to the surface idiotype of the WEHI-231 cells 
{40}, Furthermore, this peptide (in a tetrameric form) was 
able to induce tyrosine phosphorylation of intact WHEI231 
but not WEHI279 cells. We have decided to use this 
peptide as a model system for the development of a cell 
adhesion assay for the microarray. Peptide wGeyidvk was 
synthesized with a Ttds linker and Lys(Cys) at the 
carboxyl terminus (Scheme 4) and spotted onto the 
glyoxyiyl-functionalized (10:40) slides. After reaction 
overnight in a moisture chamber, the slide was treated 
with PEG5000NHNH2. Each of the areas of the microarray 
were then covered separately with various cell lines 
which includes WEHI-231, Jurkat, OC1LY8, K562, MOLT- 
4, and HL-60. The slides were then washed and stained 
with Giemsa stain and observed under a light microscope. 
Only the WEHI 231 cell was found to bind to the spotted 
area of the slide with minimal background (Figure 5). 
The slides that were incubated with other cell lines had 
no binding (data not shown). To determine whether the 
cell binding could be quantified, different concentrations 
of wGeyidvk peptide were spotted on the slide. The slide 
was then treated with Cell-Tracker Orange stained 
WEHI 231 cells and scanned by the microarray scanner. 
The scanned picture was analyzed and quantitated by 
the ImageQuant 5.0 program. With this quantitative 
analysis, we were able to determine that maximal cell 
binding to the microarray spots could be reached with 
30 min of incubation (data not shown). As indicated 
above, wGeyidvk peptide was known to induce tyrosine 
phosphorylation in WEHI 231 cell line (40). To confirm 
this finding by the microarray method, cells were fixed 
after the cell adhesion assay. After permeation with 
nonionic detergent, FITC-conjugated anti-phospho- 
tyrosine antibody was added. After incubation and wash- 
ing, the cells were examined under a fluorescent micro- 
scope. Cells bound to wGeyidvk peptide fluoresced brightly 
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(Figure 6a), whereas the negative control where WEHI 
231 cells were bound to the slide by cytospin was 
completely dark (data not shown). To make sure we still 
had bound cells in the negative control slide, we turned 
the background light on and showed that the cells were 
present but did not fluoresce (Figure 6b). To avoid 
nonspecific binding of cell onto the slide, PEG 5 oooNHNH 2 
blocking was essential. 

Comparison with Other Microarray Techniques. 
One of the earlier reports on peptide or chemical micro- 
array was the light-directed photolithographic synthetic 
microchip system first reported by Fodor et al. (25). They 
synthesized 1042 peptides on microscope slides and used 
a fluorescent-labeled antibody to probe the peptide 
microarray. The method, while elegant, is inefficient as 
the synthetic method requires new synthesis on each 
slide and requires expensive instrumentation that is not 
readily available. The spotting of peptides or small 
molecules onto the slide (the method described in this 
report and that of Schreiber's (22), on the other hand, is 
much more efficient. Similar to the DNA microarray 
method, once the peptides or chemical compounds are 
synthesized, they can be spotted repeatedly onto 
hundreds of slides. The main difference between the 
Schreiber's approach and our approach is that Schreiber 
used the Michael addition chemistry to couple free thiol 
group of the ligand to the maleimide-functionalized slide. 
This free radical addition reaction, while efficient, is not 
site-specific as the ligation chemistries described in this 
report and cannot be used for ligands with a sulfhydryl 
group that may be essential for binding. Furthermore, 
the chemoselective ligation method employed in this 
study can also be used to generate a protein microarray 
by ligating specifically to proteins with a free N-terminal 
cysteine (36). 

Potential Applications. In this report, we describe 
three distinct biological assays to analyze the chemical 
microarrays: the fluorescent-protein binding assay, the 
functional phosphorylation assay, and the whole cell 
adhesion assay. All these assays have been used in the 
screening of the "one-bead one-compound" combinatorial 
libraries (7). As indicated earlier, each compound-bead 
is spatially separable and the bead-library can be viewed 
as a huge microarray platform (10 7 compounds) that is 
nonaddressable. The identity of the compound-bead is 
known only after one picks up the positive bead and 
determines the chemical structure. On the other hand, 
the chemical microarray described in this report can be 
viewed as a mini-microarray (up to 10 000 compounds 
per slide) that is addressable. That is, the chemical 
identity of each spot is known prior to the biological 
assays. The two methods, although quite different, are 
highly complementary. Many ligands can be identified 
from bead-library screening. Once the chemical structure 
of these positive ligands are identified, they can be 
resynthesized, spotted as multiple sets of ligands onto 
the microscope slide, and characterized under several 
conditions. For instance, one may use the bead-library 
method to identify hundreds to thousands of specific 
peptide substrates for a large number of different protein 
kinases. These peptide substrate sets can then be used 
to profile protein kinase activities of cell extracts derived 
from patient specimens. This profile may be able to direct 
us to use the appropriate kinase inhibitor for cancer 
therapy. Similarly, the whole cell binding assay in 
conjunction with the peptide microarray method may 
enable us to select the most appropriate peptide or 
peptide cocktails for targeted-therapy of cancer (4 J). The 
in situ functional assay after cell adhesion on the 
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be examined concurrently with respect to binding as well 
as the different functional responses after binding. Using 
the appropriate fluorescent- labeled antibodies against a 
large number of signaling proteins, one can perform 
numerous experiments and answer many questions on 
one single microarray slide, using only a minute amount 
of cell suspension. The method is highly minaturized and 
could potentially be fully automatic, from peptide syn- 
thesis, to peptide spotting, to cell adhesion, to immuno- 
fluorescence staining, to final image analysis with con- 
focal microscopy. 

CONCLUSION 

We have demonstrated the preparation and optimiza- 
tion of a novel class of microchip, which consists of 
glyoxylyl-modified microscope glass slides and their 
application for high-throughput analysis of biomolecules 
and even whole cells. Peptides or small molecules were 
spotted and covalently attached to slides by site-specific 
chemical ligation procedure via thiazolidine ring or oxime 
bond formation. Slides with optimal hydrophobic- hy- 
drophilic balance were obtained by coupling-protected 
glyoxylic acid and stearic acid in a ratio of 1:4. The 
peptide and biotin spots on this microchip bound specif- 
ically with their receptor protein conjugates (with dye 
Cy3 or Cy5) and could be easily visualized under a 
confocal array scanner. We were able to carry out 
functional phoshorylation assay as well as whole cell 
binding assay on this microchip. In the cell adhesion 
assay, nonspecific binding could be eliminated by modify- 
ing the glass surface with PEG 5 oooNHNH 2 . One major 
advantage of this type of slide comes from the site-specific 
attachment of C-terminal modified peptides or small 
molecules with a Ttds linker molecule to the solid- 
support, thereby facilitating the binding or functional 
assays on these chemical microarrays. 
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Figure 6. (A) Fluorescent micrograph of WEHI 231 lymphoma 
cells bound to immobilized wGeyidvk peptide. The bound cells 
were first fixed with paraformaldehyde and then treated with 
FITC-labeled anti-phosphotyrosine antibody. Strong fluores- 
cence indicates that cell binding to the immobilized peptide 
triggers cell signaling. (B) Control slide with WEHI 231 cells 
bound to the glass by cytospln, fixed with paraformaldehyde, 
and treated with FITC-labeled anti-phosphotyrosine antibody 
as above. No fluorescence was observed (data not shown), but 
the cells could still be seen with dim background light. 

microarray is particularly powerful because one can 
easily envision that hundreds to thousands of interac- 
tions between different cell lines and many ligands can 
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I. Introduction 

The search for synergy has followed many tortuous 
paths during the past 100 years, and especially during 
the last 50 years. Claims of synergism for the effects, 
both therapeutic and toxic, of combinations of chemicals 
are ubiquitous in the broad field of Biomedicine. Over 
20,000 articles in the biomedical literature from 1981 to 
1987 included "synergism" as a key word (Greco and 
Lawrence, 1988). Travelers on the search for synergy 
have included scientists from the disciplines of Pharma- 
cology, Toxicology, Statistics, Mathematics, Epidemiol- 
ogy, Entomology, Weed Science, and others. Travelers 
have independently found the same trails, paths have 
crossed, bitter fights have ensued, and alliances have 
been made. The challenge of assessing the nature and 
intensity of agent interaction is universal and is espe- 
cially critical in the chemotherapy of both infectious 
diseases and cancer. In the mature field of anticancer 
chemotherapy, with minor exceptions, combination che- 
motherapy is required to cure all drug-sensitive cancers 
(DeVita, 1989). For the nascent field of Antiviral Che- 
motherapy, combination chemotherapy is of great re- 
search interest because of its great clinical potential 
(Schinazi, 1991). Our review should aid investigators in 
understanding the various rival approaches to the as- 
sessment of drug interaction and assist them in choosing 
appropriate approaches. 

We will make no attempt to offer advice on the use of 
a discovery of synergy. The interpretation of the impact 
of both qualitative and quantitative measures of agent 
interaction is dependent upon the field of application. At 
the very least, an agent combination that displays mod- 
erate to extreme synergy can be labeled as interesting 
and deserving of further study. (Inventors may use proof 
of synergy as support for the characteristic of "unobvi- 
ousness," which will assist them in receiving a patent for 
a combination device or formulation with the United 
States Patent Office.) 

There have been many previous reviews of this con- 
troversial subject of agent interaction assessment. 
These critiques are summarized in the next section. 
However, our review is unique in several ways. First, 
our bias is toward the use of response surface concen- 
tration-effect models to aid in the design of experiments, 
to use for fitting data and estimating parameters, and to 
help in visualizing the results with graphs. In fact, be- 
cause a major strength of response surface approaches is 
that they can help to explain the similarities and differ- 
ences among other approaches, the entire review is from 

* Supported by grants from the National Cancer Institute, 
CA46732, CA16056 and RR10742. 

t Abbreviations: 3-D, three-dimensional; 2-D, two-dimensional; 
Eq., equation; vb., versus; see table 2 for mathematical/statistical 
abbreviations. 
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a response surface perspective. [Response surface meth- 
odology is composed of a group of statistical techniques, 
including techniques for experimental design, statistical 
analyses, empirical model building, and model use (Box 
and Draper, 1987). A response surface is a mathematical 
equation, or the graph of the equation, that relates a 
dependent variable, such as drug effect, to inputs such 
as drug concentrations.] Second, two common data sets, 
one with continuous responses and one with discrete 
success/failure responses, are used to compare 13 spe- 
cific rival approaches for continuous data, and three 
rival approaches for binary success/failure data, respec- 
tively. Third, many detailed criticisms of many ap- 
proaches are included in our review; these criticisms 
have not appeared elsewhere. 

It should be noted that the goal of this review is to 
underscore the similarities, differences, strengths, and 
weaknesses of many approaches, but not to provide a 
complete recipe for the application of each approach. 
Readers who need the minute details of the various 
approaches should refer to the original articles. A good 
compendium of recipes for many of the approaches in- 
cluded in this review is the fourth chapter of a book by 
Calabrese (1991). It should also be noted that many of 
the approaches were originally written as guidelines, 
not detailed algorithms. Therefore, our specific imple- 
mentations of several of the methods may have differ- 
ences from the approaches actually intended by the orig- 
inal authors. 

There is no uniform agreement on the definitions of 
agent interaction terms. Sources for extensive discus- 
sions of rival nomenclature include the following: Beren- 
baum (1989); Calabrese (1991); Copenhaver et al. 
(1987); Finney (1952, 1971); Gessner (1988); Hewlett 
and Plackett (1979); Loewe (1953); Kodell and Pounds 
(1985; 1991); Valeriote and Lin (1975); Unkelbach and 
Wolf (1984); and Wampler et al. (1992). It is our view 
that many of the naming schemes are unnecessarily 
complex. We will use a simple scheme that was the 
consensus of six scientists who debated concepts and 
terminology for agent interaction at the Fifth Interna- 
tional Conference on the Combined Effects of Environ- 
mental Factors in Sarriselka, Finnish Lapland, Septem- 
ber 6 to 10, 1992 (Greco et al, 1992). The six scientists, 
from the fields of Pharmacology, Toxicology and Biome- 
try, comprised a good representative sample of advo- 
cates of diametrically opposing views on many issues. 

Table 1 lists the consensus terminology for the joint 
action of two agents, the major part of the so-called 
Saariselka agreement. The foundation for this set of 
terms includes two empirical models for a no interaction** 
for the situation in which each agent is effective alone. 
(Even though the term "interaction" has a mechanistic 
connotation when applied to agent combinations, it will 
be used throughout this article in a purely empirical 
sense. Also, the less-mechanistic term, "combined- 
action" will be often substituted for "interaction'* when 
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TABLE 1 



Consensus terminology for two-agent combined-action concepts 




Both agents effective 
individually; Eq. 6 is 
the reference model 


Both agents effective 
individually; Eq. 1 1 or 14 
is the reference model 


Only one agent 
effective individually 


Neither agent 
effective individually 


Combination effect greater than 

predicted 
Combination effect equal to 

prediction from reference model 
Combination effect less than 

predicted 


Loewe synergism 
Loewe additivity 
Loewe antagonism 


BHbs synergism 
Bliss independence 
Bliss antagonism 


synergism 

inertism 

antagonism 


coalism 
inertism 



feasible.) The mathematical details of these two models 
are described in Section III, and the debate over which of 
these is the best null reference model is the subject of 
Section IV. The first model is that of Loewe additivity 
(Loewe and Muischnek, 1926), which is based on the 
idea that, by definition, an agent cannot interact with 
itself. In other words, in the sham experiment in which 
an agent is combined with itself, the result will be Loewe 
additivity. The second model is Bliss independence 
(Bliss, 1939), which is based on the idea of probabilistic 
independence; i.e., two agents act in such a manner that 
neither one interferes with the other, but each contrib- 
utes to a common result. The cases in which the ob- 
served effects are more or less than predicted by Loewe 
additivity or Bliss independence are Loewe synergism, 
Loewe antagonism, Bliss synergism, and Bliss antago- 
nism, respectively. The use of the names Loewe and 
Bliss as adjectives emphasizes the historical origin of 
the specific models and deemphasizes the mechanistic 
connotation of the terms additivity and independence. 
Both Loewe additivity and Bliss independence are in- 
cluded as reference models, because each has some log- 
ical basis, and especially because each has its own cote- 
rie of staunch advocates who have successfully defended 
their preferred model against repeated vicious attacks 
(see Section IV). As shown in table 1, when only one 
agent in a pair is effective alone, inertism is used for "no 
interaction," synergism (without a leading adjective) for 
an increased effect caused by the second agent, and 
antagonism for the opposite case. Alternate common 
terms for the latter two cases are potentiation and inhi- 
bition. When neither drug is effective alone, an ineffec- 
tive combination is a case of inertism, whereas an effec- 
tive combination is termed coalism. 

For the cases in which more than two agents are 
present in a combination, it may not always be fruitful to 
assign special names to the higher order interactions. It 
may be better to just quantitatively describe the results 
of a three-agent or more complex interaction than to pin 
a label on the combined-action. However, in some fields, 
such as Environmental Toxicology, it may be useful to 
assign a descriptive name to a complex mixture of chem- 
icals at specific concentrations. Then, six of the above- 
mentioned terms have clear, useful extensions to higher 
order interactions: Loewe additivity, Loewe synergism, 



Loewe antagonism, Bliss independence, Bliss syner- 
gism, and Bliss antagonism. Note also that all ten terms 
are defined so that as the concentration ot intensity of 
the agent(s) increases, the pharmacological effect mono- 
tonically increases. This is why the lower right-hand cell 
of table 1 is missing; a pharmacological effect less than 
zero is not defined. However, because in the field of 
chemotherapy it is common for increased concentrations 
of drugs to decrease the survival or growth of infectious 
agents or of tumor cells, most of the concentration-effect 
(dose-response) equations and curves in this review will 
assume a monotonically decreasing observed effect (re- 
sponse), such as virus titer. The dependent response 
variable will be labeled as effect, % effect, % survival, or 
% control in most graphs and will decrease with increas- 
ing drug concentration. In contrast, ID X values such as 
JD 25 will refer to the concentration of drug resulting in 
X% of pharmacological effect (e.g., 25% inhibition, leav- 
ing 75% of control survival). The above definitions and 
conventions will become clearer in later sections with 
the introduction of defining mathematical equations. 

The emphasis of this review will be on approaches to 
assess combinations of agents that yield an unexpect- 
edly enhanced pharmacological effect. Loewe additivity 
and Bliss independence will be used as references to give 
meaning to claims of Loewe synergism and Bliss syner- 
gism, respectively. Loewe antagonism will be only 
briefly discussed, as will synergism, antagonism, and 
coalism. Most concentration-effect models and curves in 
this review will be monotonia Therapeutic synergy in in 
vivo and in clinical systems, which involves a mixture of 
efficacy and toxicity, and which often involves nonmono- 
tonic concentration-effect curves for each agent individ- 
ually and for the combination, will not be discussed. 

The preceding discussion referred to global properties 
of agent combinations; i.e., it was implied that a partic- 
ular type of named interaction, such as Loewe syner- 
gism, appropriately described the entire 3-D* concentra- 
tion-effect surface. Some agent combinations may 
demonstrate different' types of interaction at different 
local regions of the concentration-effect surface. When 
this occurs, the interaction terms in table 1 can be used 
to describe well defined regions. However, it is impor- 
tant to differentiate true mosaics of different interaction 
types from random statistical variation and/or artifacts 
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caused by faulty data analysis methods. Unfortunately, 
rigorous methods to identify true mosaics are not yet 
available. 

II. Review of Reviews 

We have divided reviews on the subject of synergy into 
three classes: (a) whole books, some of which include 
new methodology, and some of which do not; (6) book 
chapters and journal articles entirely dedicated to re- 
view; and (c) book chapters and articles with noteworthy 
introductions and discussions of combined- action assess- 
ment, but which also include new specific methodology 
development or data analyses. Books include: Brunden 
et al. (1988); Calabrese (1991); Carter et al. (1983); Chou 
and Hideout (1991); National Research Council (1988); 
Poch (1993); and Vollmar and Unkelbach (1985). Book 
chapters and articles dedicated to a review of the field 
include: Berenbaum (1977, 1981, 1988, 1989); Copen- 
haver et al. (1987); Finney (1952, 1971); Gessner (1988); 
Hewlett and Plackett (1979); Jackson (1991); Kodell and 
Pounds (1991); Lam et al. (1991); Loewe (1953, 1957); 
Rideout and Chou (1991); and Unkelbach and Wolf 

(1984) . Book chapters and articles that include signifi- 
cant reviews of various approaches, but which also in- 
clude either new methodology development and/or anal- 
yses of new data include: Chou and Talalay (1983, 1984); 
Gennings et al. (1990); Greco (1989); Greco and Dembin- 
3ki (1992); Hall and Duncan (1988); Kodell and Pounds 

(1985) ; Prichard and Shipman (1990); Suhnel (1990); 
Syracuse and Greco (1986); Tallarida (1992); and 
Machado and Robinson (1994). 

Although not exhaustive, this list includes a compre- 
hensive, redundant account of the interaction assess- 
ment literature. This list includes critical and non- 
critical reviews of history, philosophy, semantics, 
approaches advocated by statisticians, and approaches 
advocated by pharmacologists. Most of the reviews are 
biased toward the respective authors' point of view, and 
many of the reviews harshly criticize the work of rival 
groups. Our review is no exception. A subset of these 
reviews, which along with our own, will provide a com- 
prehensive, but not overly redundant view of the field 
include: chapters 1 to 4 of Calabrese (1991), which pro- 
vide a relatively noncritical recipe-like description of 
concepts, terminology, and assessment approaches, in- 
cluding many disagreements with our review; chapters 1 
to 2 of Chou and Rideout (1991), which also provide a 
contrasting view to our review on many issues; Copen- 
haver et al. (1987), which accents the approaches devel- 
oped by statisticians; Berenbaum (1981, 1988, 1989), 
which critically review the approaches developed by 
pharmacologists; Gessner (1988), which examines ap- 
proaches developed both by statisticians and pharmacol- 
ogists; and Kodell and Pounds (1991), which may be the 
best source for a rigorous comparison of rival concepts 
and nomenclature. 



HI. General Overview of Methods from a 
Response Surface Perspective 

Figure 1 i3 a schematic diagram of a general approach 
to the assessment of the nature and intensity of drug 
interactions. This scheme includes all of the approaches 
examined in later sections. This is because, in essence, 
figure 1 describes the scientific method. A formal statis- 
tical response surface way of thinking underlies all of 
this section. With such an orientation, the similarities 
and differences among rival approaches for the assess- 
ment of drug interactions, both mathematically rigorous 
ones and not-so-rigorous one3, can be readily explained. 

Step 1 is to choose a good concentration-effect (dose- 
response) structural model for each agent when applied 
individually. A common choices is the Hill model (Hill, 
1910), which is also known as the logistic model (Waud 
and Parker, 1971; Waud et al., 1978). The Sigmoid- 
Emax model (Holford and Sheiner, 1981), is equivalent 
to a nonlinear form of the median-effect model (Chou 
and Talalay, 1981, 1984). However, the equivalence of 
the median-effect and Hill models is disputed by Chou 
(1991). The Hill model is shown in figure 2 and as Eq. 1 
for an inhibitory drug. Symbol definitions are listed in 
table 2. 



Emax 



1 + 



[1] 



Strategy & Tactics for Assessing 
Agent Interactions 



2. Data variation modal 



3o. Modal of Joint action 
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good, 90 to ttep 7; ff not, 
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Fig. 1. Schematic diagram of a general approach to the assess- 
ment of the nature and intensity of agent interactions, which in- 
cludes all specific approaches. 
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OS 1.0 
D (Drug Concentration) 

FfG. 2. Graph of the Hill (1910) model, which ir also referred to as 
the Sigmoid-Emax model (e.g., Holford and Sheiner, 1981), and 
which is also a nonlinear form of the median-effect equation (Chou 
and Talalay, 1984). 



In Eq. 1, E is the measured effect (response), such as the 
virus titer remaining in a culture vessel after drug ex- 
posure; D is concentration of drug; Emax is the full 
range of response that can be affected by the drug; Dm or 
IC B0 is the median effective dose (or concentration) of 
drug (or ID 60f ED 50 , LD 60 , etc.); and m is a slope param- 
eter. When m has a negative sign, the curve falls with 
increasing drug concentration; when m is positive, the 
curve rises with increasing drug concentration. The con- 
centration-effect curve in figure 2 can be thought of as 
an ideal curve formed by data with no discernible vari- 
ation, or as the true curve known only to God or to 
Mother Nature, or as the average curve formed by an 
infinite number of data points at each of an infinite 
number of evenly spaced concentrations. Equations 2 to 
4 are additional candidate structural models for single 
agents. 



E = 







Econ 


\lCsoj 




' D \ m 


H 







[2] 



1 + 



D 



50. 



[3] 



E = Econ exp(oD) = Econ exp' 




[4] 



In Eqs. 2 and 3, the parameter Econ is the control effect 
(or response when no inhibitory drug is applied). When 
there is no B (background response observed at infinite 
drug concentration), then Econ is equivalent to Emax, as 
in Eq. 2. However, when there is a finite S, then Econ = 



Emax + B. Eq. 4 is the exponential concentration-effect 
model, which can also be parameterized with an /C 50 . 

Because real experiments rarely generate data that 
fall on the ideal curve, Step 2 in figure 1 is to choose an 
appropriate data variation model. Model candidates in- 
clude the normal distribution for continuous data, such 
as found in growth assays in which the absorbance of a 
dye bound to cells is the measured signal; the binomial 
distribution (Larson, 1982) for proportions of failures or 
successes, such as in acute toxicology experiments; and 
the Poisson distribution for low numbers of counts, such 
as in clonogenic assays. A composite model is formed 
from one structural model plus one data variation model 
and eventually used for fitting to real experimental 
data. This concept, called generalized nonlinear model- 
ing (McCullagh and Nelder, 1989) is illustrated in figure 
3, with the Hill model as the structural model, and the 
normal, binomial, and Poisson distributions (respective- 
ly from left to right) as the random models. (Note that 
only one random component is usually assumed for a 
particular data set. Graphs of three random components 
are pictured in figure 3 to illustrate the universal nature 
of the approach. The lower equation in the figure is a 
variant of the Hill model, and the upper one is for the 
binomial distribution. These equations will be described 
in detail in Section VI.) 

In Step 3, most approaches can be categorized into one 
of two main strategies. In Step 3a, a structural model is 
derived for joint action of two or more agents with the 
assumption of "no interaction" (Loewe additivity, Bliss 
independence, or another null reference model). Then, 
after the experiment is designed and conducted, data 
from the combination of agents is compared with predic- 
tions of joint action from a null reference combined- 
action model. This comparison can be made with formal 
statistical rejections of null hypotheses, or by less formal 
methods. In contrast, in Step 3b, a structural model is 
derived for joint action that includes interaction terms. 
Then, after the experiment is designed and conducted, 
the full combined-action model is fit to all of the data at 
once, and interaction parameters are estimated. Both 
the left-hand and right-hand strategies end in a set of 
guidelines for making conclusions. 

Examples of approaches that use the left-hand strat- 
egy include: the classical isobologram approach (Loewe 
and Muischnek, 1926); the fractional product method of 
Webb (1963); the method of Valeriote and Lin (1975); the 
method of Drewinko (1976); the method of Steel and 
Peckham (1979); the method of Gessner (1974); the 
methods of Berenbaum (1977, 1985); the median-effect 
method (Chou and Talalay, 1981, 1984); the method of 
Prichard and Shipman (1990); and the method of Laska 
et al. (1994). Examples of approaches that use the right- 
hand strategy include the universal response surface 
approach (Greco et al., 1990; Greco and Lawrence, 1988; 
Greco, 1989; Greco and Tung, 1991; Syracuse and Greco, 
1986); the response surface approaches of Carter's group 
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TABLE 2 

Mathematical /statistical symbol definitions 



Symbol Definition 



E Measured effect (or response), in this review, usually a measure of survival 

Y Transformed response variable, continuous or discrete 

y A particular value of Y 

P(.) Probability that the function in parenthesis is true 

/i Mean or expected value of a transformed response 

h Number of successes in a binomial trial 

n Number of attempts in a binomial trial 

D, [drug], D lf [drug 1], D 2 , [drug 2] Concentration (or dose) of drug, drug 1, drug 2 

i, I lt I 2 Inhibitor concentrations for an inhibitor, inhibitor 1, inhibitor 2 

Econ Control effect (or response) 

Emax Maximum effect (response), is equal to Econ for an inhibitory drug in the absence of a 

background, B 

B Background effect (response) observed at infinite concentration for an inhibitory drug 

fa Fraction of effect affected 

fu Fraction of effect unaffected 

fi Fraction enzyme velocity inhibited 

/C50, iso» ZCtm.u JCfio,2 Concentration (or dose) of drug resulting in 50% inhibition of Emax, of drug 1, of 

drug 2 

Dm, Dm lf Dm 2 Dm 12 Median effective dose (or concentration) of drug, of drug 1, of drug 2, of a combination 

of drugs 1 and 2 in a constant ratio (equivalent to IC^) 

ID X , D Xl IC Xt ID x ,i> Dx v H>x.2> & x z> & x i2 Concentration (or dose) of drug resulting in X% inhibition of Emax t of drug 1, of drug 

2, or a combination of drugs 1 and 2 in a constant ratio 

X % inhibition 

771, Hlj, m 2y 771^2 Slope parameter, for drug 1, fur drug 2, for a combination of drugs 1 and 2 in a 

constant ratio 

a Synergism-antagonism interaction parameter 

a, b Empirical parameters for exponential concentration-effect model 

PC lt PC 2t bp lt bp 2 Interaction parameters of model 29 

t\ Interaction parameter of model 30 

3o> £i» Aa> 0i2 Empirical parameters for probit and logistic models 

/ Interaction index of Berenbaum (1977) 

CI Combination index of Chou and Talalay (1984) 

R Ratio of D x to D 2 
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FIG. 3. General scheme for the dissection of a generalized nonlin- 
ear model into random and structural components for a concentra- 
tion-effect curve for a single drug. 



(Carter et al., 1983, 1986, 1988; Gennings et al., 1990); 
the response surface approach of Weinstein et al. (1990); 
the generalized linear model approach of Lam et al. 
(1991); and the response surface approach of Machado 



and Robinson (1994). The method proposed by Siihnel 
(1990) has elements of both the left-hand and right-hand 
strategies. 

Although most, and possibly all, approaches for as- 
sessing agent combinations may fall under the scheme 
presented in figure 1, the different approaches differ 
from each other in many respects. The approaches de- 
veloped by pharmacologists usually stress structural 
models, e.g., the median-effect approach (Chou and Ta- 
lalay, 1984), whereas the approaches developed by stat- 
isticians usually stress data variation models, e.g., the 
approaches of Finney based on probit analysis (Finney, 
1952). There are differences in the definitions of key 
terms, especially that of "synergism." Some approaches 
only yield a qualitative conclusion (e.g., Loewe syner- 
gism, Loewe antagonism, or Loewe additivity), such as 
the classical isobologram approach, whereas others also 
provide a quantitative measure of the intensity of the 
interaction, such as the universal response surface ap- 
proach. There are differences in the degree of mathemat- 
ical and statistical rigor, i.e., some approaches are per- 
formed entirely by hand (e.g., the classical isobologram 
approach), whereas others require a computer (e.g., uni- 
versal response surface approach). Some approaches use 
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parametric models (e.g., Greco et al., 1990), whereas 
others emphasize nonparametric models (e.g., Svihnel, 
1990; Kelly and Rice, 1990). The suggested designs for 
experiments differ widely among the different ap- 
proaches. It is therefore not surprising that it is possible 
to generate widely differing conclusions on the nature of 
a specific agent interaction when applying different 
methods to the same data set. This will be illustrated 
dramatically in Sections V and VI. 

We are highly biased in our view that the right-hand 
strategy in figure 1 for assessing agent interactions is 
superior to the left-hand strategy when used for the 
cases in which an appropriate response surface model 
can be found to adequately model the biological system 
of interest. However, for preliminary data analyses for 
all systems, for the final data analyses of complex sys- 
tems, and for cases in which the data is meager, the 
left-hand approaches are often very useful. 

The derivation of Eq. 5, the flagship equation for two- 
agent combined-action developed by our group, is pro- 
vided in detail in Greco et al. (1990). Although we do not 
put forward Eq. 5 as the model of two-agent combined- 
action, it is a model of two-agent combined-action that 
has proved to be very useful for both practical applica- 
tions (Greco et al., 1990; Greco and Dembinski, 1992; 
Gaumont et al., 1992; Guimaras et al., 1994) and meth- 
odology development (Syracuse and Greco, 1986; Greco 
and Lawrence, 1988; Greco, 1989; Greco and Tung, 1991; 
Khinkis and Greco, 1993; Khinkis and Greco, 1994; 
Greco et al., 1994). Eq. 5 will be used throughout this 
review to illustrate concepts of combined-action and to 
assist in the comparison of rival data analysis ap- 
proaches. Eq. 5 was derived with an adaptation of an 
approach suggested by Berenbaum (1985), with the as- 
sumption of Eq. 2 as the appropriate model for each 
agent alone. The interaction parameter is a. 



1 = 



Do 



aD x D 2 



~E \ ym * 



\l/m, 1 / 

IC ^\Econ-Ej IC ™*\Econ-E 



[5] 



/ E \ 
IC50 > lICb0 *\Econ-E) 



2J \(l>"2m:+l/2mi) 



Eq. 5 allowB the slopes of the concentration-effect curves 
for the two drugs to be unequal. It is this key feature 
that distinguishes Eq. 5 from many other response sur- 
face models used by others to describe agent interactions 
(e.g., Carter et al., 1988). (This point is expanded in 
Section VI. B.2.). Because Eq. 5 is in unclosed form (the 
dependent variable, E, cannot be isolated on the left- 
hand side of the equation), a one-dimensional bisection 
root finder (a computer numerical procedure explained, 
e.g., by Thisted, 1988) is used to calculate E for simula- 
tions. Eq. 5 was not derived from biological theory, Q 



rather it is an empirical equation that often matches the 
shape of real data (e.g., Gaumont et al., 1992; Greco et 
al., 1990; Greco and Dembinski, 1992; Greco and Law- 
rence, 1988). However, as shown below, it is consistent 
with Eq. 6, the equation for Loewe additivity (Loewe and 
Muischnek, 1926), which is the basis of many interaction 
assessment approaches. 

Di D 2 

[6] 



1 = 



!D Xt i ID: 



For an inhibitory drug, Eq. 6 refers to a particular X% 
(percent inhibition level), e.g., 58% inhibition. ZDx,i> 
IDyj, are the concentrations of drugs to result in X% 
inhibition for each respective drug alone, and D lf D 2 are 
concentrations of each drug in the mixture that yield X% 
inhibition. When the right-hand side of Eq. 6 [equal to 
the Interaction index, /, of Berenbaum (1977) or to the 
combination index, CZ, for the mutually exclusive case of 
Chou and Talalay (1984)] is less than 1, then Loewe 
synergism is indicated, and when the right-hand side is 
greater than 1, Loewe antagonism is indicated. When 
Eq. 2 is an appropriate concentration-effect model for 
each drug alone, then Eq. 7, which is a rearrangement of 
Eq. 2 [similar to a rearrangement of the median-effect 
equation from Chou and Talalay (1984)], relates the 1D X 
value for any X% inhibition to the observed response 
level, E, and the parameters, Econ> 7C 50 , and m. 



ID X = IC> 



/ E \ Vm 
™\Econ-E} 



[7] 



Note that the right-hand expression of Eq. 7 is the same 
as the denominators of the first two right-hand terms of 
Eq. 5. Therefore, the first two right-hand terms of Eqs. 5 
and 6 are equivalent. It follows that Eq. 8 defines I [or CI 
for the mutually exclusive case of Chou and Talalay 
(1984)] for two-drug combinations whose individual 
components have concentration-effect curves that follow 
Eq. 2. 



I = CI = 



( e y™* ( e \ 

IC ^ l \Econ-E} 1C50 > 2 [Econ-E 



Do 



= 1- 



cxD x D 2 

|£ \(l/2mi+l/2m x ) 

IC so,iIC 50 fi[ Econ _ E J 



E \ Vm * 



[8] 



Therefore, based upon the interaction index, J— when a 
is positive, Loewe synergism is indicated, when a is 
negative, Loewe antagonism is indicated, and when a is 
0, Loewe additivity is indicated. The magnitude of a 
indicates the intensity of the interaction. Thus, although 
Eq. 5 is not the model for Loewe synergism (or Loewe 
antagonism), it is a model for Loewe synergism (or 
Loewe antagonism) that is consistent with the more 
general Loewe additivity model, Eq. 6. 
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We now use the concept that Eq. 5 generates a Loewe 
synergistic response surface at all effect levels, and we 
present several 3-D and 2-D graphical representations of 
Eq. 5 to help to show the similarities and differences 
among the various approaches to the assessment of 
Loewe synergism. 

Figure 4 shows the relationship between a 3-D re- 
sponse surface of Loewe synergism, the construction of 
isobols, and the calculation of interaction indices. The 
3-D surface was simulated with Eq. 5, our flagship 
model for agent interaction for the case in which the 
individual drugs follow the Hill model, Eq. 2, with un- 
equal slope parameters. The interaction parameter, a, 
was made equal to 5 to demonstrate strong synergism. 
The other parameters used and additional technical de- 
tails are listed in the figure legend. Note the scooped out 
nature of the Loewe synergistic surface in contrast to the 
three Loewe additivity bars at 75%, 50%, and 25% of 
control. A complete Loewe additivity surface (a = 0) 
would consist of straight lines running across the sur- 
face parallel to these bars at every effect level. To show 
the 3-D origin of 2-D isobols, the surface is cut and 
separated at the 25%, 50%, and 75% effect levels and 
rotated so that the viewer sees the surface from the top. 
The isobols in panel (D) are not symmetric because of the 
different slope parameters for drug 1 (m = -1) and drug 
2 (m = -2). However, as seen in panel (E), normalizing 
the drug concentrations by the respective ZDx values 
(from Eq. 7) makes the isobols symmetric. In addition, 
the normalization reverses the order of the isobols and 
makes the Loewe additivity lines lie on top of each other 
for all effect levels. Panel (E) shows the geometrical 
relationships among normalized isobols, interaction (or 
combination) indices, and response surface equations. 
One specific CI calculation is given for one specific point 
on the 25% pharmacological effect (75% control) isobol. 
The calculated CI is 0.68, indicating Loewe synergism. 
Vertical lines, made up of three different line patterns, 
run through the two data points. The three segments of 
each line correspond to the three right-hand parts of the 
response surface model, Eq. 5. 

The geometrical relationships between interaction 
models and isobols are further examined in figure 5. 
Note in panel A that lines at a 45° angle in the northeast 



direction between the isobol and the Loewe additivity 
diagonal are equal to the interaction term divided by 72. 
In panel (B), panel (A) is redrawn with the curves re- 
moved, with many horizontal, vertical and diagonal 
lines drawn, and with vertices labeled. These reference 
lines and ubiquitous 45° triangles all aid in the inter- 
pretation of the geometry of the 25% isobol (75% con- 
trol). In panel (B), the length of each thick line repre- 
sents the magnitude of the interaction term. This is a 
general result and will be true for a large class of specific 
equations that follow the general interaction equation, 
Eq. 9. 

Eq. 9 is a general form that is independent of the specific 
concentration-effect models for each drug (that may be 
different for each drug). Also, the interaction term may 
be any function of the normalized concentrations, may 
include any number of interaction parameters, a, and 
may include any number of additional parameters, p. 
Additional specific response surface interaction models, 
including ones from Weinstein et al. (1990) and 
Machado and Robinson (1994), which are consistent 
with Eq. 9, are described in Section V.L. 

Figure 6 shows the geometrical relationships for 50% 
effect isobols for Eq. 5, with various values of a listed in 
the figure legend. When a is positive, the isobols are to 
the left of the Loewe additivity diagonal (a = 0), line E; 
larger a values increase the bowing of the isobols, indi- 
cating more intense Loewe synergism. When a is nega- 
tive, the isobols are to the right of the Loewe additivity 
diagonal; as a increases in absolute value, the isobols 
become more bowed, indicating more intense Loewe an- 
tagonism. The degree of bowing of the isobols can be 
quantitated as the ratio of the line segments, S = on/om 
(Hewlett, 1969) or by the sum of op + oq (Elion et al., 
1954). The interaction parameter, a, is related to these 
geometrical measures (Greco et al., 1990). Eq. 10 was 
derived by Greco et al. (1990) and shows the relationship 
between a and S for the 50% effect isobols of Eq. 5. 

a = 4(S 2 -S) ri0 ] 



FlG. 4. Illustration of the relationship between a 3-D response surface of Loewe synergism, the construction of isobols, and the calculation 
of combination (interaction) indices. CA) A hypothetical 3-D solid shaded graph of measured effect (response, survival, or some other endpoint) 
expressed aB a percent of control effect vs. the concentrations of drug 1 and drug 2. This graph was simulated with Eq. 5, with parameters: 
Econ = 100, /Cm,! = 1, IC^ = 1, mi = -1, m 2 = -2, a = 5. The horizontal lines connecting the edges of the surface at 75%, 50%, and 25% 
of control are part of a Loewe additivity surface (Eq. 5, a = 0). (B) The surface is cut and separated at the 75%, 50%, and 25% of control levels, 
and the sections are pulled apart to accent the inward curved shape of the surface. (C) The sectioned surface is being rotated so that the 
viewer will be able to see the surface from the top. {D) A view of the surface from the top; a set of 2tD isobols at 75%, 50%, and 25% of control, 
along with their corresponding Loewe additivity lines. (E) An isobologram in which the isobols at 75% and 25% of control each have their drug 
concentrations normalized by their respective Upvalues. This makes all of the isobols symmetrical, makes all of the Loewe additivity lines 
coincide, and reverses the order of the isobols. Two vertical lines, each running the full length of the Y-axis, and each comprised of three 
segments of different line patterns, one for the 25% isobol (75% of control) and one for the 75% isobol (25% of control) show the correspondence 
between the isobol diagram and Eq. 5. Each of the three segments corresponds to one of the three right-hand expressions of Eq. 5. In addition, 
the correspondence of the combination (or interaction) index, CL and the isobols and Eq. 5 is illustrated. 
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Fig. 5. Diagram to show the general correBpondence between the geometry of interaction isobols and the algebraic expressions of 
interaction mathematical models. (A) An elaboration of Figure 4, PaneltE), which shows the correspondence between the lengths of line 
segments in the normalized isobologram and the value of the three right-hand expressions in Eq. 5 at 75% of control. Note that the interaction 
term that contains a, is the vertical distance between the curved isobol and the additivity line. {B) Panel (A) is redrawn, but only for the 25% 
isobol (75% of control) (with the curve removed), and many horizontal, vertical, and diagonal lines drawn and vertices labeled. The length 
of each thick line is equal to the value of the interaction term. This is a general correspondence, and will be true for many specific models 
that follow the general form of £q. 9. 




0.6" 0.2 P^0.4 0.6 08 To 
D,/D m . 

FlG. 6. Examples of isobols for the 50% effect level, simulated 
from equation 5, for a range of u values. For curves A through H, a 
was 100, 2, 1, 0.5, 0, -0.5, -0.75, and-0.99. Curves A through D 
represent varying degrees of Loewe synergism; curves F through H 
represent varying degrees of Loewe antagonism, and curve E is the 
straight line of Loewe additivity. The point n is the center of the 
straight Loewe additivity line, and points m are the centers of 
the other isobols. Points p and q are the abscissa and ordinate of the 
point m. The degree of bowing of the isobols can be quantitated as 
the ratio of the line segments, S = om/on (Hewlett, 1969) or by the 
sum of op + oq (Elion et aL, 1954). 

Figure 7 shows the relationship between the same 3-D 
response surface described in figure 5 and the concept of 
the CI vs. fa plot (mutually exclusive case) of the medi- 
an-effect approach (Chou and Talalay, 1984). Although 



the exact calculations for the CI vs. fa plot suggested by 
Chou and Talalay (1984) will be disputed in Section V.G, 
we believe that the general idea has great merit. Essen- 
tially, the 3-D surface is cut lengthwise along a fixed 
ratio of D^J) 2 (for example, a ratio of 1:1 in fig. 7). Then, 
both the Loewe synergistic ray and the predicted Loewe 
additivity ray are drawn on a 2-D concentration-effect 
graph, both rays are normalized by the ID X values along 
their whole lengths, and then the normalized graph is 
rotated counterclockwise by 90°. The details are pro- 
vided in the figure legend. 

Figure 8 is another graphical sequence, using the 
same simulated 3-D surface as shown in figures 4, 5, and 
7, created to illustrate the concept of the CI vs. fa plot. In 
panel (A), the Loewe synergistic surface is deleted ex- 
cept for one vertical, infinitely thin slice for the fixed 
ratio of B l D 2 of 1:1. The length of the short horizontal 
line segments at various effect levels drawn from the 
curve to the backplanes are the values of D x and D 2 used 
to construct the Loewe synergistic surface. Panels (B) 
and (C) show the unnormalized and normalized set of 
isobols, respectively. The solid points in these panels are 
the same ones as in figure 7. The sum of one vertical and 
one horizontal line from each point in Panel C is equal to 
the CI at that effect level. Details are provided in the 
figure legend. 

Thus, in essence, the isobologram approach consists of 
making horizontal slices through a 3-D surface, and the 
median-effect approach (mutually exclusive case) con- 
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Fig. 7. Illustration of the relationship between a 3-D response surface of Loewe synergism and the CI vs. fa plot of the median-effect 
approach (Chou and Talalay, 1984).CA) The same hypothetical 3-D solid shaded graph shown in figure 4 is shown here. A curve is drawn on 
the surface for a fixed ratio of D X 'D % of 1:1, and a corresponding Loewe additivity curve, to the right of the solid surface, is drawn for the same 
fixed ratio of (« ~ 0)- CB) The solid surface is cut and separated at the fixed ratio of D X D Z to accent the shape of the curved Loewe 
synergistic surface (the Loewe additivity curve was removed for clarity). (C) A 2-D plot of the Loewe synergistic and additive curves at the 
same fixed ratio of D^D^ with D A + D 2 as the X-axis. The solid points in PanelB (C) through (M) correspond to % Control levels of 99, 95, 
90, 75, 50, 25, 10, 5, and 1. CD) The drug concentrations have been normalized by their respective W x s, and the X-axis is now the sum of the 
normalized concentrations. (£) Because the normalized sum is the same as the combination index, CJ, for the mutually exclusive model, Eq. 
8 (Chou and Talalay, 1984), and the % control is the same as 100 [1 - fa] (where fa is the fraction of effect affected), the CI vs. fa plot can be 
obtained by rotating the graph in Panel D counterclockwise by 90°. 



sists of making vertical slices through the same 3-D 
surface. Both approaches and their variants then in- 
clude examination of the shape of the slices, with or 
without data transformations, and/or making some cal- 
culations to summarize the shape of the slices, usually 
with comparison to a Loewe additivity reference. 

The difference between a Loewe synergistic surface 
and a Loewe additivity reference surface can also be 
examined in 3-D. The difference can be calculated in the 
horizontal or vertical directions, and plotted, with or 
without additional transformations. The use of differ- 
ence surfaces to examine combined-actions has been 
introduced by Prichard and Shipman (1990) and Suhnel 



(1992c). The 3-D CI plot in figure 9 was calculated with 
Eq. 8 for the same simulated Loewe synergistic surface 
(a = 5) shown in the previous figures. Note that CI 
starts at 1 for each drug alone, and decreases toward 
zero for combinations as either drug concentration in- 
creases toward infinity. Thus, for Loewe synergistic 
drug combinations that follow Eq. 5, there is more in- 
tense interaction, as quantified by CI (or 7), at higher 
drug concentrations. In contrast, figure 10 [panels (A) 
and (C)] shows the results of plotting the vertical differ- 
ence between the Loewe synergistic (a = 5) and additiv- 
ity surface. Panel (A) shows the Loewe synergistic sur- 
face with a fishnet and the Loewe additivity surface as a 
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Fig. 8. An additional illustration of the relationship between a 3-D response surface of Loewe synergism and the combination index, CI. 
(A) For the same hypothetical surface shown in Figs. 4, 5, and 7, the concentration-effect curves for drug 1 and drug 2 alone are shown along 
the back walls of the figure, together with the Loewe synergistic middle curve for a fixed ratio of D{J) S of 1:1. Line segments from the joint 
drug curve to the back walls represent the values of D 1 and D 7 used to construct the curve at % Control values of 99, 95, 90, 75, 50, 25, 10, 
and 5. (B) A view of the isobols for the surface from the top. The numbers next to the isobols indicate the % Control. The solid dots along the 
northeast-pointing diagonal indicate the points corresponding to the fixed ratio of D l D 2 of 1:1 at the indicated levels of % Control. Although 
not included in Panel (B), the line segments in Panel A would be horizontal and vertical lines from the dots to the axes. (C) The [Drug 1] and 
[Drug 2] axes are normalized by the respective ID X values. The addition of the lengths of a horizontal plus a vertical line segment for each 
solid dot equals the CI for the respective % Control level. These points correspond to the respective points in figure 7. 




Fig. 9. A 3-D fishnet plot of the CI calculated from Eq. 8 for the 
Loewe synergistic concentration-effect surface described in Figs. 4, 5, 
7, and 8. 

aolid sheet on top of the fishnet. Note that the difference 
between the two surfaces, shown in panel (C), has a peak 
nearX*! = D. z = 1. Thus, when looking at vertical differ- 
ences, the largest synergism is not at infinite drug con- 
centrations, but rather at achievable drug concentra- 
tions near (but not exactly at) the IC 50 9 s of each drug. 
This critical difference in the two ways of forming dif- 
ferences between Loewe synergistic and Loewe additive 
surfaces, i.e., either in the horizontal or vertical direc- 
tion, has profound implications for experimental design, 
as discussed in Section Vm. 



In figure 10, panels (B) and (D) were constructed in an 
analogous manner to panels (A) and (C), except that the 
null reference model was that for Bliss independence, 
not for Loewe additivity. The general form of the Bliss 
independence effects equation is Eq. 11, and a specific 
form, which assumes that Eq. 2 is appropriate for each 
drug individually, is Eq. 12. 

/"l2 =fi*LfU2 [11] 




In Eq. 11, fu l9 fu 2 , and fu 12 are the fractions of possible 
response for drug 1, drug 2, and the combination (e.g., % 
survival, %control) unaffected (Chou and Talalay, 1984). 
For Eqs. 2, 5, and 12, fu = E/Econ. Eq. 12 was used to 
generate the upper solid surface in panel B. Note that 
the difference plot in panel (D) has a central peak, but 
the peak is higher than the analogous one for the Loewe 
additivity reference in panel (C). 

Which is a more appropriate reference, Loewe addi- 
tivity (generally represented by Eq. 6) or Bliss indepen- 
dence (generally represented by Eq. 11)? Some of the 
approaches for interaction assessment examined in Sec- 
tion V use the Loewe additivity reference and others use 
the Bliss independence reference. This controversy is 
examined in detail in Section IV. 

Our preferred paradigm of interaction assessment is 
most closely akin to the philosophical principles ex- 
pressed by Berenbaum (1981, 1985, 1988, 1989), but 
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Fig. 10. (A) 3-D fishnet Loewe synergistic surface simulated with Eq. 5, with parameters: Econ = 100, 10^,1 = 1, IC GOt2 = 1, m x - -1, m 2 = 
-2, a » 5, the same as in Pigs. 4, 5, and 7 through 9. The solid surface on the top of the fishnet is a Loewe additivity surface simulated with 
the same values for the first five parameters, hut with o = 0. (B) The 3-D fishnet Loewe synergistic surface is the same one as in Panel CA), 
but the solid top surface was simulated from the Bliss independence model, Eq. 12, with parameters: Econ = 100, /Cso.i = 1, IC^ 2 = 1, m s = 
-1, m 2 = -2. C. A 3-D solid shaded graph of the difference between the Loewe additivity and Loewe synergistic surfaces in Panel (A). The 
contour lines are at five-unit intervals. (Z?) A 3-D solid shaded graph of the difference between the Bliss independence and Loewe synergistic 
surfaces in Panel (B). 



with Beveral major differences. The elements of the par- 
adigm include: (a) combined-action assessment is most 
appropriate for complex systems in which a complete 
correct description of the mechanisms by which the 
agents cause their single and joint effects does not exist. 
If such a description does exist, then mathematical mod- 
els based upon a mechanistic understanding of the con- 
centration-effect relationships should be applied to data, 
not general combined-action mathematical models; (6) 
the degree of departure from "no interaction" of the 
concentration-effect surface for an agent combination is 
a quantitative measure of the ignorance of the investi- 
gator, i.e., if the system were well understood by the 
investigator, and this understanding were incorporated 



into the "no interaction" model, then the experimental 
results would be as predicted (e.g., Loewe additiv- 
ity) — no more, no less; (c) the Loewe additivity equation, 
Eq. 6, the Bliss independence equation, Eq. 11 or 14, or 
response surface interaction models adapted directly 
from them, should be used in an initial step to evaluate 
departures from the no interaction reference, without 
regard to mechanistic interpretation; (d) a later useful 
step in interaction assessment may involve the interpre- 
tation of Loewe synergism, Loewe additivity, Loewe an- 
tagonism, Bliss synergism, Bliss independence, Bliss an- 
tagonism, synergism, inertism, antagonism, or coalism 
via mechanistic arguments. For relatively simple sys- 
tems, such as individual enzymes or receptors or small 
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networks of enzymes and receptors, it may be useful to 
establish the relationship between empirical interaction 
models and mechanistic biochemical models. However, 
except for very well understood simple systems, it is 
unlikely that the results of a combined-action analysis 
will unambiguously lead to a correct mechanistic expla- 
nation of an observed agent interaction; (e) the main 
uses of general combined-action analyses are: 

(1) to summarize a large amount of data with a joint 
concentration-effect surface, with relatively few param- 
eters, for a combination of agents. 

(2) to facilitate good predictions of joint effects in re- 
gions in which no real data was collected (interpolation 
and j udicious extrapolation). 

(3) to empirically find and characterize agent combi- 
nations with intense interactions, in order to use or to 
avoid the combinations for specific practical purposes. 

(4) to quantitatively characterize a system, so that the 
effect of changes in some other factor can be quantified. 

(5) to provide a lead to a mechanistic explanation of 
joint action. 

IV. Debate Over the Best Reference Model for 
Combined-action 

Because synergism (and antagonism) are commonly 
defined as a greater (or lesser) pharmacological effect for 
a two-drug combination than what would be predicted 
for "no interaction" from the knowledge of the effects of 
each drug individually, their definitions critically de- 
pend upon the reference model for "no interaction" It is 
our view that there are only two reference models that 
deserve extensive consideration. The first, and our pref- 
erence, is Loewe additivity, which is defined by Eq. 6. A 
specific model for Loewe additivity that assumes the Hill 
equation, Eq. 2, for the concentration-effect model for 
each drug individually, is Eq. 13. 




Note that Eq. 13 is equivalent to Eq. 5 with the third 
right-hand term, the interaction expression, dropped. 
Also note that Eq. 13 is merely the Loewe additivity 
model, Eq. 6, with the substitution of the definition of 
IDx for the Hill model, Eq. 7, for both drugs. This deriva- 
tion for a specific Loewe additivity model follows the guide- 
lines of Berenbaum (1985), and the examples of Hewlett 
(1969) and Suhnel (1992c). The additivity reference con- 
cept was first mentioned by Prei (1913) and was first 
defined formally by Loewe and Muischnek (1926). The 
Loewe additivity reference is the diagonal Northwest- 
Southeast line in isobolograms of figures 4, 6, 6, and 8 and 
is a key part of the classical isobologram approach (Loewe 
and Muischnek, 1926; Elion et al., 1954; Gessner, 1974). 



The simplest intuitive explanation of the concept of 
Loewe additivity is the following sham experiment: an 
aliquot of a solution of drug 1 from a tube is poured into 
a second tube and then diluted with an appropriate 
solvent. When these two preparations are falsely labeled 
as different agents and their combination is examined, 
the result will be Loewe additivity. [Gennings et al. 
(1990) experimentally illustrated and verified this con- 
cept by examining the loss of righting reflex of mice 
treated with the combination of sodium hexobarbital 
with itself.] Thus, by definition, one agent is noninter- 
active with itself. Advocates of the Loewe additivity ref- 
erence for no interaction use this sham study of one drug 
with itself as a litmus test to invalidate other reference 
models (e.g., Berenbaum, 1981). From this logic, Loewe 
additivity implies that each of two drugs act similarly, 
presumably at the same site of action, differing only in 
potency. However, Eq. 6 is less restrictive than this 
narrow interpretation. The constraint of Eq. 6 can be 
obeyed for two drugs with different concentration-effect 
slopes, (e.g., Eq. 13) that presumably would not act at 
the same site. In fact, each of the two drugs in a combi- 
nation could follow different concentration-effect func- 
tions and still obey Loewe additivity, Eq. 6. This flexi- 
bility is considered a weakness, with no theoretical 
justification, by opponents of the Loewe additivity refer- 
ence [Greco et al., (1992)]. They contend that the rare 
observation of Loewe additivity in real 'complex experi- 
mental systems is only fortuitous and does not lead one 
to any mechanistic conclusion. 

The strongest advocate of approaches based upon the 
Loewe additivity reference has been Berenbaum (1977, 
1978, 1981, 1985, 1988, 1989). Of the approaches eval- 
uated in our review, the following use the Loewe addi- 
tivity reference: isobologram by hand; interaction index 
of Berenbaum (1977); median-effect method of Chou 
and Talalay (1984); mutually exclusive model method of 
Berenbaum (1985); bivariate spline fitting (Suhnel, 
1990); parametric response surface approaches of Greco 
et al. (1990) and Weinstein et al. (1990); approach of 
Gessner (1974); parametric response surface approach of 
Greco and Lawrence (1988); and the use of the multiva- 
riate linear logistic model (Carter et al., 1983, 1986, 
1988; Brunden et al, 1988). The concepts of similar joint 
action (Bliss, 1939), simple similar action (Plackett and 
Hewlett, 1952), and concentration (dose) addition (Shel- 
ton and Weber, 1981) are all consistent with. Loewe 
additivity, as defined by Eq. 6. However, as discussed 
above, Loewe additivity also includes cases not consis- 
tent with these more restrictive concepts. 

In our view, the most convincing argument in favor of 
the use of the Loewe additivity model, Eq. 6, as a uni- 
versal reference to define "synergism" and "antago- 
nism," is that it can best survive criticism. With the 
possible exception of Bliss independence, all of the other 
candidate reference models can be fatally wounded from 
well aimed attacks; whereas, the Loewe additivity 
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model, although not completely unscathed, is still stand- 
ing after the smoke of battle clears. The Loewe additiv- 
ity reference model, by definition, yields the intuitive 
correct evaluation of the sham combination of one drug 
with itself to be Loewe additivity (or as preferred by 
Berenbaum, 1981, "no interaction"). The Loewe additiv- 
ity reference model is, in fact, merely a reasonable as- 
sumption. The interpretation of an assessment of Loewe 
additivity, Loewe synergism, or Loewe antagonism is, in 
general, free of mechanistic restrictions and implica- 
tions. [In principle, the mathematical models and pa- 
rameters of specific biological systems can be mapped to 
empirical combined-action models and parameters to 
facilitate a mechanistic interpretation of a combined* 
action analysis, but work on such mappings is in its 
infancy (e.g., Bravo et al., 1992; Jackson, 1993).] From a 
response surface perspective, the Loewe additivity 
model, Eq. 6, can be adapted to yield many useful em- 
pirical models of combined-action, such as Eq. 5. 

In our view, the only other major contender for a 
universal reference of noninteraction (worthy of the sil- 
ver medal) is Bliss independence, Eq. 11, or its equiva- 
lents. Eq. 12 is a specific Bliss independence model that 
assumes that the Hill model, Eq. 2, is an appropriate 
concentration-effect model for each drug individually. 
Bliss independence implies that two agents do not phys- 
ically or chemically or biologically cooperate; i.e., each 
agent acts independently of the other. Berenbaum 
(1981) describes an interesting hypothetical experiment 
that provides an intuitive feel for independently acting 
agents. His thought experiment involves randomly 
throwing either bushels of nails or pebbles or both at a 
collection of eggs. None of the causal units, nails or 
pebbles, cooperate with each other in the cracking of an 
egg, an all-or-none phenomenon. But rather, each causal 
unit has a certain probability (different for nails or peb- 
bles) of hitting an egg, and the cumulative damage is 
merely the result of correctly combining probabilities. 

The BlisB independence reference model has an intu- 
itive, theoretical basis: the concept of noninteraction; it 
has a simple general formula, Eq. 11. Testing of the 
model usually requires frugal experimental designs, and 
many specific approaches for interaction assessment in- 
corporate it. These approaches include: the fractional 
product method of Webb (1963); the method of Valeriote 
and Lin (1975); the method of Drewinko et al. (1976); the 
method of Steel and Peckham (1979), Mode I; and the 
method of Prichard and Shipman (1990). Synonyms for 
BUss independence include: independent effects, inde- 
pendent joint action (Bliss, 1939); independent action 
(Plackett and Hewlett, 1952); response (effect) addition 
(Shelton and Weber, 1981); effect summation (Gessner, 
1988); and effect multiplication (Berenbaum, 1981). 
[Note: if Eq. 11 is recast in terms of the fraction of 
possible effect, with subscripts referring to specific con- 
centrations of agent 1, agent 2, and the corresponding 
combination of agents 1 and 2, then Eq. 14 is the result. 



This equation is analogous to the common formula for 
the combination of probabilities (e.g., Larson, 1982).] 

fa u = fa x + fa 2 - fa x fa 2 [14] 

Gessner (1974; 1988) offered a philosophical argument 
against the Bliss independence model: he questioned 
whether, given the high degree of integration of a living 
organism, the action of an agent on one receptor type, 
target organ, or system can ever be envisaged as not 
altering to some degree the responsiveness of other recep- 
tors, organs, or systems to a simultaneously present sec- 
ond agent Certainly, complex systems with extensive 
positive and negative feedback pathways at all levels of 
biological organization are ubiquitous and are the chief 
targets of drug therapy (Jackson, 1992). Most examples 
of theoretical systems that follow the Bliss independence 
model are relatively simple, such as single enzymes (e.g., 
Webb, 1963) and simple biochemical pathways (e.g., 
Jackson, 1991). 

Gessner (1988) also mentioned that he had never seen 
a published isobologram for the 50% effect level for 
quantal data in which an isobol reasonably followed the 
Bliss independence model throughout the whole curve. 
In contrast, Poch and coworkers have reported several 
examples of Bliss independence (e.g., Poch, 1990; Poch et 
al., 1990a, b, c; Poch, 1991; Poch, 1993). An objective 
survey would be necessary to estimate the frequency of 
occurrence of exact Bliss independence for combinations 
of agents in real experimental work. However, just as 
with Loewe additivity, it is also our impression that pure 
Bliss independence in complex systems is a rare occur- 
rence. 

The most convincing arguments against the Bliss in- 
dependence model as a universal reference model for 
noninteraction use the pair of concentration-effect 
curves in figure 11 (Greco, 1989). [Similar figures and 
arguments were previously published by Grindey et al. 
(1975) and Berenbaum (1977, 1981)]. Figure 11 includes 
individual simulated data points and simulated concen- 
tration-effect curves for two different hypothetical inhib- 
itory drugs. Suppose that 0.5 fm of drug 1 results in 95% 




CO,] f/iM, log KJda) CD,] (/iM, log scoto) 

Fig. 11. Hypothetical concentration-effect curves for two drugs to 
demonstrate a logical inconsistency for approaches to assess drug 
synergism based upon the assumption of Bliss independence, Eq. 11 
or Eq. 14, as the **no interaction" reference model. 
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survival of cells in a typical growth inhibition experi- 
ment, likewise for drug 2. From Eq. 11, one would pre- 
dict that the noninteractive response for 0.5 /iM of drug 

1 plus 0.5 fiM of drug 2 would be about 90% survival. 
Therefore, if one found that this drug combination elic- 
ited, let's say, 40% survival of cells, one would conclude 
strong, undeniable Bliss synergism. However, note in 
figure 11 that either 1 /iM of drug 1 alone or 1 jum of drug 

2 alone brings the survival of cells down to 30%. There- 
fore, a total of 1 /xM of the hypothetical combined drug 
preparation elicits less of a cell kill than 1 /iM of either 
drug alone, yet one would conclude strong Bliss syner- 
gism under methods based upon the Bliss independence 
reference assumption, Eq. 11. 

Figure 11 can also be used to illustrate the paradox of 
the sham combination of one drug with itself. Let's say 
that a drug preparation is divided into two tubes, and 
then each tube is treated as if it contained a different 
drug. The two concentration-effect curves in figure 11, 
which are in fact identical, would result. Using the same 
logic as used in the beginning of the previous paragraph, 
one would conclude that the drug is Bliss synergistic 
with itself. This absurd conclusion is inconsistent with 
the intuitive definitions of "synergism," "additivity," and 
"antagonism* used by many researchers. 

It is our view that these two aspects of the same basic 
criticism illustrated by figure 11 are persuasive enough 
to relegate Bliss independence to second place for the 
optimal routine reference for defining "synergism" and 
"antagonism." However, proponents of the Bliss inde- 
pendence reference have several counterarguments: (a) 
when concentration-effect curves are steep, such as in 
figure 11, the joint effects of a Bliss synergistic combi- 
nation may be disappointingly small relative to the ef- 
fects of each drug individually, but this result is neither 
paradoxical nor absurd; (b) a drug with a steep concen- 
tration-effect curve is Bliss synergistic with itself (this is 
a fundamental tenet of Biology); (c) the sham combina- 
tion of a drug with itself is a silly experiment, and the 
so-called paradox is, at worst, a minor exception to a 
generally useful concept; (d) if it is known that two drugs 
in a combination act at the same biochemical site, a 
relatively rare situation, then their actions cannot be 
independent, and one shouldn't use the Bliss indepen- 
dence reference. Figure 11 is merely an illustration of 
the extreme case of this situation, in which the two dose 
response curves are identical. 

Our rejoinders to these counterarguments include: (a) 
the search for synergy will often involve agents, drugs, 
and preparations with multiple, complex, possibly un- 
known mechanisms of action, and therefore, guidelines 
for the assessment of interaction must not depend upon 
knowledge of mechanisms of action; (6) a general con- 
cept must encompass rare cases; (c) the first argument 
illustrated by figure 11 did not require that the two 
drugs be the same or that they have similar sites of 
action, but only that they have steep concentration- 



effect curves; (d) a reference model that can result in the 
counterintuitive result, that a synergistic combination is 
less effective than its components applied individually, 
is not useful. 

As pointed out by Berenbaum (1981), the fundamental 
explanation underlying both forms of the above paradox 
involves the functional form of the individual concentra- 
tion-effect curves. Only when each individual concentra- 
tion-effect curve follows Eq. 4, that for exponential de- 
cline with dose, will there be no paradox: Loewe 
additivity will be concluded from the sham combination 
of one drug with itself. Eq. 15 would be the resulting 
equation for no interaction of two drugs, from combining 
either Eq. 4 and Eq. 6 (Loewe additivity) or Eq. 4 and Eq. 
11 (Bliss independence). Concentration-effect curves 
steeper than the exponential model will lead to the 
above paradox; whereas, concentration-effect curves less 
steep than the exponential model will lead to an opposite 
paradox. (Note: the data points and curves in figure 11 
were simulated with Eq. 2 with Econ = 100, IC^ = 0.86 
jam, and m - -5.6, resulting in relatively steep curves.) 

E = Econ exp(oD!)exp(feD 2 ) = Econ exp(oD 1 + bD£ [15] 

However, we disagree with Berenbaum's inference 
from the above logic that the Bliss independence model, 
Eq. 11, is appropriate for describing the joint action of a 
combination only when each of the component drugs 
have exponential concentration-effect curves, Eq. 4. Be- 
renbaum (1981) argues that in order for molecules of 
drug 1 to act independently from molecules of drug 2, all 
molecules of drug 1 must act independently of all other 
molecules of drug 1, resulting in an exponential concen- 
tration-effect curve for drug 1; all molecules of drug 2 
must act independently of all other molecules of drug 2, 
resulting in an exponential concentration-effect curve 
for drug 2. This argument can be refuted by a specific 
counterexample from Jackson (1991). Jackson (1991) 
modeled a hypothetical biochemical pathway consisting 
of: a substrate, A, being converted to substrate B by 
enzyme 1; substrate B being converted to substrate C by 
enzyme 2, and to substrate D by enzyme 3; a competitive 
inhibitor of enzyme 1; and a competitive inhibitor of 
enzyme 2. When the enzyme kinetic parameters are 
adjusted to give a high sink capacity (the ratio of the 
sum of the maximal velocities of enzymes 2 and 3 di- 
vided by the maximal velocity of enzyme 1), exact Bliss 
independence of the effects of the two inhibitors can be 
achieved. The individual concentration-effect curves for 
the two inhibitors followed the Hill model, Eq. 2, and 
thus were nonexponential, yet the specific Bliss indepen- 
dence model, Eq. 12, fit the data perfectly over a wide 
range of inhibitor concentrations (Bravo et aL, 1992). In 
addition, Poch (1991) provides several specific examples 
of Bliss independence found with real laboratory data, in 
which the individual concentration-effect curves follow 
the Hill model, Eq. 2 or 3. Thus, this specific argument 
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of Berenbaum against the independent effects model is 
questionable. 

Although we prefer Loewe additivity to Bliss indepen- 
dence as a universal reference for the lack of "syner- 
gism" or "antagonism," we must concede that the Bliss 
independence camp has successfully resisted total de- 
feat. It i3 clear that adherents of Loewe additivity and 
Bliss independence have heard all of the most compel- 
ling arguments for and against each model and cannot 
be persuaded to switch allegiances. Thus, the debate can 
progress no further, and we join in the recommendation 
that both models be accepted as legitimate empirical 
reference standards for "no interaction." It must be em- 
phasized, however, that neither model is well suited for 
unambiguously indicating mechanistic explanations for 
the joint action of agents in complex systems, such as 
whole cells, single organisms, or populations of organ- 
isms. In order for researchers to make mechanistic con- 
clusions for a specific experimental system, the corre- 
spondence between empirical concepts — such as Loewe 
synergism or Bliss antagonism— and theoretical mecha- 
nisms must be derived. This is a rich source for future 
research initiatives. 

The shapes of isobols for Loewe additivity and Bliss 
independence will, in general, be very different. Figure 
12 shows a set of isobols at the 50% effect level for the 
specific Bliss independence model, Eq. 12, which incor- 
porates the Hill model, Eq. 2, for the individual concen- 
tration-effect curves. The shape of the isobols is deter- 
mined only by the two slope parameters, m A and m 2 , 
these are listed in figure 12 next to each respective 
isobol. [Note: Similar figures and observations are pro- 
vided by Gessner (1988) and Poch et aL (1990c)]. When 
the slope parameters are the same for the two drugs, the 
isobols are symmetrical; when they are different, the 




0.00 0.25 0.50 0.75 1.00 



FlG. 12. Normalized isobols at the 50% effect level, for the Bliss 
independence model, Eq. 12, for various values of m, and m it which 
are Bet next to each corresponding curve. A single m indicates that 
to i = m 2 = m. The thick diagonal line is the line of Loewe additivity. 



isobols have an S shape and may cross the Loewe addi- 
tivity diagonal. Slope parameters that are large in mag- 
nitude result in Loewe antagonism; whereas, slope pa- 
rameters that are small in magnitude result in Loewe 
synergism. It may be useful to superimpose the pre- 
dicted Bliss independence model on both 2-D and 3-D 
representations of two-drug combination concentration- 
effect surfaces. If the superimposed Bliss independence 
curves lie close to the data, then it may be useful to infer, 
after making necessary assumptions, that the two drugs 
may, in some sense, act independently. 

Four other candidates for a universal reference for no 
interaction will be briefly described and critiqued below. 
The first is Eq. 16, that for effect addition, and the 
second is almost the same, Eq. 17, that for fractional 
effect addition. [Note: Some authors call Eq. 11 and 14 
the effect addition model (e.g., Shclton and Weber, 
1981).] 

E l2 = E X + E 2 [16] 
fa 12 = fa 1 +fa 2 [17] 

According to Eq. 16, if the effect for a particular concen- 
tration of drug 1 was 20 units and that for a particular 
dose of drug 2 was 30 units, then the no interaction 
prediction would be 50 units. As pointed out by Beren- 
baum (1981), this intuitive definition of no interaction 
may underlie the claims of synergism and antagonism 
for which authors provide no explicit definitions. Eq. 16 
is not easily applied to the common case in which the 
drugs have some maximum possible effect, because if E 1 
and E 2 are both reasonably large, 60 and 70, let's say, 
and close to the maximum possible effect, 100, let's say, 
then E 12 would be 130, greater than the maximum pos- 
sible effect, resulting in an inconsistency. For one re- 
stricted situation, when each of the individual con- 
centration-effect curves are linear and increasing, 
Berenbaum (1981) showed that Eq. 16 is consistent with 
the Loewe additivity model, Eq, 6. 

A somewhat more credible variation of effect addition, 
Eq. 16, is fractional effect addition, Eq. 17. According to 
Eq. 17, if the fraction of possible effect affected for drug 
1 is 0.20 and the fraction affected for drug 2 is 0.30, then 
the no interaction prediction would be 0.50. Eq. 17 is 
also easily eliminated as a candidate for a universal 
standard by considering an example in which the frac- 
tional effects are both large, let's say, fa x = 0.60 and 
fa 2 = 0.70. Because fa 12 has an upper limit of 1.0, the 
sum of /bj + fa 2 , which equals 1.30, leads to an incon- 
sistency. In addition, paradoxes regarding synergy, sim- 
ilar to those described above for the Bliss independence 
reference model, can be contrived using figure 11. How- 
ever, Eq. 17 is valid or approximately valid under sev- 
eral restricted situations. The first is the case in which 
fa x and/b 2 are both very small. Then Eq. 17 will approx- 
imate Eq. 14, that for Bliss independence, because the 
product term will be very small (Poch, 1991). The second 
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is independent effects for quanta] responses, in which 
the susceptibilities of the individual organisms to the 
two drugs are completely negatively correlated (any or- 
ganism that is affected by drug 1 will not be affected by 
drug 2, and vice versa) (Plackett and Hewlett, 1948). 
The third is the joint effects of two inhibitors in a met- 
abolic network in which two converging reactions that 
lead to a single product are both inhibited (Jackson, 
1991). Note that these latter two examples of restricted 
conditions both impose upper limits upon the magni- 
tudes of fa x and fa 2 \ their sum never exceeds 1.0. 

Another candidate for a universal reference for no 
interaction is the mutually nonexclusive model of Chou 
and Talalay (1984), Eq. 18. An alternate form is Eq. 19, 
which is equivalent to Eq. 5, our model for drug inter- 
action, with m = m l = m 2 and a = 1. As emphasized by 
Chou and Talalay (1984), their mutually nonexclusive 
model is equivalent to the Bliss independence model 
only under restricted conditions; specifically, when the 
median-effect model (equivalent to Eq. 1 or Eq. 2) ade- 
quately describes the individual concentration-effect 
curves for both drugs and m x = = -1 for monotoni- 
cally decreasing curves [or m 1 = m 2 = 1 for monotoni- 
cally increasing curves, as preferred by Chou and Tala- 
lay (1984)]. They further conclude that the Bliss 
independence model is inadequate under conditions in 
which \m\ # 1. However, it is our view that it is the 
mutually nonexclusive model that is suspect. Only an 
abbreviated general derivation of this model, for the case 
of multiple mutually nonexclusive inhibitors of a single 
enzyme, is provided in Chou and Talalay (1981). A spe- 
cific derivation, for the case of two mutually nonexclu- 
sive noncompetitive inhibitors, is provided in Appendix 
A. An equation equivalent to Eq. 12, not to Chou and 
Talala/s mutually nonexclusive model, is the result. 
Because their model is of questionable validity, we feel 
that it is not appropriate as a universal reference. An 
extensive discussion of the median-effect approach to 
the assessment of drug interaction is provided in Section 
V.G. 
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A final candidate for a universal reference for no in- 
teraction is the Mode II additivity model of Steel and 
Peckham (1979). A compact way to express the model is 



Eq. 20. An equivalent form is provided by Kodell and 
Pounds (1991). 



D 2 - IDpc-faiP^ 



[20] 



Eq. 20 can be used to construct an isobol for D 2 versus Z) 2 
for a particular X% inhibition. To do this, D± is varied, 
and the fraction affected (% inhibition) for the particular 
D x is calculated and subtracted from the target X%. 
Then, the D 2 needed to achieve this resulting difference 
X% is determined. Interestingly, this reference model 
will give the correct answer of no interaction for a sham 
combination of drug 1 with itself; the isobol will be a 
straight diagonal NW-SE line, such as in figure 6. How- 
ever, Eq. 20 is not equivalent to the Loewe additivity 
model, Eq. 6. This will be shown and discussed in detail 
in Section V.F. A fatal flaw of the Mode II reference 
model is that it has a polarity; i.e., for two different 
drugs, different isobols will be drawn, depending upon 
the arbitrary assignment of drug 1 and drug 2 (Beren- 
baum, 1981). 

The issue of the preferred reference model for no in- 
teraction has been recently debated in the antiviral lit- 
erature by Suhnel (1990; 1992a) and Prichard and Ship- 
man (1990; 1992). We endorse SuhneTs advocacy of the 
Loewe additivity model, Eq. 6 over Prichard and Ship- 
man's advocacy of Bliss independence, Eq. 11 or Eq. 14. 
However, this is mainly because of personal preference 
and because our specific response surface models incor- 
porate Loewe additivity. We do not endorse Suhnel 
(1990, 1992a) and Berenbaum's (1981) main argument 
that the Bliss independence model is only valid for the 
case in which each individual concentration-effect curve 
follows an exponential concentration-effect curve. 
Rather, we feel that the paradoxes illustrated with fig- 
ure 11 are sufficient to place Blis6 independence in sec- 
ond place for the competition for a universal null refer- 
ence model. 

In summary, we advocate the use of the Loewe addi- 
tivity model, Eq. 6, as the best choice for a universal 
standard reference for defining "synergism" and "antag- 
onism." Adaptations of Eq. 6 can be used to derive con- 
centration-effect response surface functions, such as Eq. 
5, containing interaction parameters, such as a To the 
best of our knowledge, response surface models for agent 
interaction that incorporate Bliss independence have 
not been developed. However, some ideas of Ashford and 
Smith (1964) and Ashford (1981), which have been re- 
cently reviewed by Unkelbach (1992), have the potential 
to lead to the development of such models. 

V. Comparison of Kival Approaches for 
Continuous Response Data 

There are many published methods for assessing drug 
interactions. We have carefully chosen 13 of them for 
continuous response data to compare in a head-to-head 
competition. (Section VI includes a comparison of three 
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rival approaches for discrete success/failure data.) Some 
methods consist of general guidelines, whereas others 
include very specific recipes. This set of 13 methods was 
chosen because, as a group, they have a high frequency 
of use, have a high relative impact on biomedicine, have 
many similarities and differences, provide a good sum- 
mary of the practical history of drug interactions, in- 
clude good examples of the pleasures, pitfalls, controver- 
sies and paradoxes inherent in the field, and point 
toward the future of interaction assessment Notewor- 
thy additional approaches not extensively evaluated in 
this review include the ones by Poch (1990b), Kodell and 
Pounds (1985), Tallarida et al. (1989), Kelly and Rice 
(1990), and Laska et al. (1994). The 13 rival approaches 
will be compared in two ways: (a) Theoretical aspects, 
both positive and negative, of each approach will be 
listed and discussed. Although a large number of these 
comments will be summarized from previous work of 
other reviews, there will be many new comments. Sev- 
eral of the theoretical comments will refer back to Sec- 
tions I to IV. (6) An abbreviated recipe for the applica- 
tion of each approach to a common data set, for an 
inhibitory drug, will be described. For a complete recipe 
of each approach, the reader is encouraged to consult the 
original references. Each approach will then be applied 
to a common data set. Pitfalls, problems, and results will 
be listed and compared. 

The common data set consists of the 38 data points in 
columns 2 to 4 of table 3, simulated with the approach 
described completely in footnote a of the table. Briefly, 
this data set was simulated with Eq. 5 as the structural 
model, with different slope parameters for the two drugs 
(mj = -1, m 2 = -2) and with a small amount of synergism 
(a = 0.5). The data contains normally distributed ran- 
dom relative errors; the coefficient of variation is 10%. A 
simulated Monte Carlo data set was used, as opposed to 
a real data set, because: (a) the "true* answer is known, 
so there is an absolute reference for making comparisons 
between rival approaches; and (b) specific characteris- 
tics can be imbedded in the data set to illustrate specific 
differences among rival approaches. To the best of our 
knowledge, this approach to making comparisons among 
rival methods to assess agent interaction has not been 
used by groups other than ours (Syracuse and Greco, 
1986; Greco, 1989). 

A. Isobologram by Hand 

The graphical isobologram approach, performed by 
hand, with' the aid of pencil, ruler, graph paper, and 
possibly French curve, has its origins in the work of 
Fraser (1870-1871; 1872), Loewe (Loewe and Muischnek, 
1926; Loewe, 1928, 1953, 1957), and EUon, Singer, and 
Hitchings (1954). It is a general approach and has many 
interpretations and variants. Our interpretation is de- 
scribed here. The first step is to plot the measured data, 
such as those found in columns 2 to 4 of table 3, as 
concentration-effect curves, such as in figure 13. Two 



separate graphs are drawn, usually by hand with a 
French curve or a straight edge, one for drug 1 and the 
other for drug 2. Each graph has a family of concentra- 
tion-effect curves, one curve for each level of the other 
drug. The/C 50 (or Dm, ZD 50 , ED SOt LD 50 , etc.) values are 
then determined, by eye, for each curve on both graphs. 
From Figure 13, six IC^ values can be determined, 
three from the left panel and three from the right panel. 
(An JC 50 value cannot be determined for six of the con- 
centration-effect curves, because for each of them, the 
measured response at the first drug concentration is 
already below 50% of the maximum measured response.) 
From the left panel, the JC fi0 values for drug 1 are 
recorded along with the level of drug 2 used to generate 
the respective concentration-effect curves. Then, these 
ICsq values for drug 1 are divided by the 7C 50 value for 
drug 1 in the absence of drug 2, and the levels of drug 2 
are divided by the IC 50 for drug 2 alone. The resulting 
data points, {PxIDm^ D<JDm 2 \ are the solid points on 
the left isobologram of figure 14. The analogous proce- 
dure is performed on the concentration-effect curves of 
the right panel of figure 13, resulting in the open points 
in the left panel of figure 14. In the isobolograms of 
figure 14, each data point is labeled (a-1) to correspond to 
the curve in figure 13 from which it was derived. Occa- 
sionally, smooth curves are drawn through points on an 
isobologram, possibly with a French curve; occasionally, 
straight lines are drawn connecting the points, and oc- 
casionally, no curve is drawn at all. In figure 14, curve W 
is not a curve drawn by hand, but rather is the theoret- 
ically correct isobol simulated with Eq. 21 (an isobol 
model that assumes that Eq. 5 is appropriate for the 
entire concentration-effect surface), for the 50% level 
and for a = 0.5. As explained in Section III and shown in 
figures 4, 5, 6, and 8, the diagonal NW-SE line is the line 
of Loewe additivity; points below the line indicate Loewe 
synergism and points above the line indicate Loewe an- 
tagonism. 
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In principle, any constant effect level can be used for 
an isobologram analysis, not just the 50% level. Because 
most of the concentration-effect curves from figure 13 
did not yield a Dm value, 7C 80 CD 80 ) values were also 
determined. The right panel of figure 14 is the isobolo- 
gram analysis of the Dqq values. 

If one only used the Dm isobologram from figure 14, 
one would conclude that the experiment should be re- 
peated. If one also used the D 80 isobologram from figure 
14, one would conclude that the interaction between 
drug 1 and drug 2 is Loewe synergistic. 
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TABLE 3 

Data set, with a continuous response variable, used for comparison of rival data analysis approaches, and the results from four approaches 

Data vr^™^ Pr ^H 6 Ri!!? iCt Co n clusion from n » „ r , , „ n Predicted effect BerenbaWs Conclusion from 

point D x D a fractional product ^T^Ts from Loewe interaction Loewe additivity 
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Totals BSYN = 3 BSYN = 3 mean = 2.69 LSYN = 21 
BANT = 22 SUB = 21 SJD. = 5.1 LANT = 4 
INT ■ 1 S.E. = 1.02 

* The "Measured Effects" were generated by: (a) calculating ideal data with Eq. 5 with parameters, Econ = 100, IC^i ~ 10, IC W = 1, 

- 1, m a = -2, a - 0.5; (6) generating normally distributed random numbers with a mean of 0 and a variance of 1 (Box and Muller, 1958); 
(c) calculating relative errors by the equation, error = [(normal random number)/10] x [ideal effect!; id) adding the errors to the ideal effects 
to generate simulated data with relative error (a coefficient of variation of 10%). 

t Each measured effect from column 4 was divided by the average of the control effects (107) to yield a fraction of control effect, then the 
fractional effects for the appropriate D x and D 2 were multiplied, then this product was multiplied by the average of control effects to yield 
the entries in column 5. 

$ For the fractional product approach to the assessment of drug interaction (Webb, 1963), when the entry in column 4, the measured effect, 
is greater than the entry in column 5, the predicted effect, then Bliss antagonism (BANT) (less inhibition than predicted) is recorded; when 
the column 4 entry is less than the column 5 entry (more inhibition than predicted), then Bliss synergism (BSYN) is recorded. 

§ The Valeriote and Lin (1975) system differs from the Webb approach by further subdividing the Bliss antagonism into 3 categories, 
subadditivity (SUB), interference (INT), and antagonism (ANT). Details are in the text. 

|j Column 8 is the difference between columns 4 and 5. Prom the mean and standard error of the mean for this difference score (Drewinko 
et al, 1976) one would conclude significant antagonism (P < 0.05). See the text for details. 

1 The predictions in column 9 are based on the best fit of Eq. 13 to the data points for which drug 1 and drug 2 were not simultaneously present, 
i.e., the data in columns 2-4, rows 1-13, and then the simulation of Eq. 13 with these 5 best fit parameters fcr all of the 38 data points. 

# Berenbaurn's interaction index CO is calculated from Eq. 25, with the ffix& for drug 1 and drug 2 calculated from Eq. 7 with the parameter 
values from the best fit of Eq. 13 to the first 13 data points. 

** When / > 1, then Loewe antagonism (LANT) is concluded; when / < 1, then Loewe synergism (LSYN) is concluded. 
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Fig. 13. Hand-drawn (with the aid of a French curve) concentra- 
tion-effect curves for the data in columns 2 through 4 from table 3. 
The 7Cgo and IC M values for each curve are indicated by short 
horizontal lines intersecting the curves. 




FIG. 14. Isobolograms made from IC& values (left panel) and /C w 
values (right panel). line x in each panel is the Loewe additivity line. 
The data points in each panel are labeled with a lowercase letter that 
corresponds to the appropriate curve from figure 13. The solid points 
were derived from the left panel of figure 13, and the open points 
from the right panel. Curves W in each panel of figure 14 are the 
theoretically correct isobols and were simulated from Eq. 21 with 
parameters: Econ = 100, /C M x - 10, IC^ = l,m a = -1, m 2 - -2, a = 
0.5. 



The advantages of the isobologram by hand method 
include: 

(a) the null reference model for no interaction is the 
Loewe additivity model, Eq. 6, which was given support 
in Section IV and is our preferred universal standard. 

(b) the approach is simple, flexible, and to many users, 
intuitive. 

(c) equipment to run the approach is inexpensive, and 
expert statistical advice and/or the learning of some 
modern statistical ideas are unnecessary. 

(c?) the approach is famous and widely accepted. 

(e) variants of the basic method exist that add more 
statistical rigor (e.g., Gessner, 1974; Gennings et al., 
1990) and that provide quantitative measures of inter- 
action intensity (e.g., Hewlett, 1969; Elion et al., 1954; 
Poch, 1980). 

{f) many newer, more rigorous methods have the ba- 
sic isobologram approach as their underlying basis (e.g., 
the method of Berenbaum (1986), the nonparametric 
bivariate spline fitting approach of Suhnel (1990), and 



the parametric response surface approach of Greco et al. 
(1990). 

The disadvantages of the isobologram by hand method 
include: 

(a) the method lacks many of the good characteristics 
of objective statistical procedures. It lacks the theoreti- 
cal framework to allow inferences with a specified de- 
gree of certainty to be made from an experiment to the 
true situation. It lacks the option of objectively weight- 
ing more precise measurements greater than less pre- 
cise ones. 

(b) the basic isobologram method lacks a summary 
measure of the intensity of interaction. 

(c) for the isobologram method, each concentration- 
effect curve should have data that encompasses the IC X 
level. When this is not the case, such as with curves d-f, 
j-1 in figure 13, for the 50% effect level, the data for those 
curves is wasted. If enough data is wasted, then the 
experiment may have to be rerun. 

(d) in general, the basic isobologram method requires 
a relatively large amount of data. When data is expen- 
sive, combination experiments may become prohibitive. 

(e) graphs of a measured dependent variable vs. an 
experimentally fixed independent variable, often fruit- 
fully assumed to be recorded without error, are appeal- 
ing, because they represent directly the actual experi- 
ment. Fitted curves can be superimposed upon actual 
observed data points to provide a good indication of the 
goodness of fit of the data by the curves. Isobolograms 
are not such graphs; no observed data points appear on 
them. Both the X- and Y-variables in isobolograms are 
subject to error of a complex, unknown distribution. 

if) the scatter of points in an isobologram may lead 
the researcher to a false conclusion of Loewe synergism 
in some regions and Loewe antagonism in other regions 
of the concentration-effect surface. Such a conclusion 
might be reached with the isobologram in the left panel 
of figure 14. 

(g) it may take a relatively long time to plot by hand 
the required curves and to perform the required calcu- 
lations. 

(h) different data analysts are likely to plot the data 
differently and thus arrive at different answers. 

B. Fractional Product Method of Webb (1963) 

This method is a very simple one. Eq. 11, that for Bliss 
independence, is used to construct a set of predicted 
fractional responses, fu 12t as the product of the individ- 
ual fractional effects, fzij and fu 2 , for specific concentra- 
tion combinations. Then, optionally, the results can be 
re-expressed as responses on the original response scale 
by multiplying each/a 12 by the control response, as was 
done to calculate the entries for column 5 of table 3 for 
the analysis of the 38-point common data set. For an 
inhibitory drug, when the predicted response exceeds 
the measured response, Bliss synergism is claimed; 
when the measured response exceeds the predicted re- 
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sponse, Bliss antagonism is claimed. Column 6 of table 3 
lists the conclusions for each of the 25 combination 
points. There were 22 claims of Bliss antagonism and 3 
claims of Bliss synergism. The overall conclusion is mod- 
erate Bliss antagonism, seemingly different from the 
conclusion of Loewe synergism from the isobologram 
analysis. 

The advantages of the fractional product method in- 
clude: 

(a) it is the simplest of all methods; it is very intuitive. 
Calculations can be performed with pencil and paper; 
thus, equipment and personnel to run the method are 
inexpensive. The approach is famous and widely ac- 
cepted. 

(6) experimental designs can be very frugal; in princi- 
ple, one can perform the experiment at single drug 1 and 
drug 2 concentrations, and thus one minimally needs 
only four data points to apply the method: (0, 0); (D lf 0); 
(OpDafcandCD^Da). 

(c) variants of the fractional product method exist that 
add some statistical rigor; e.g., the method of Steel and 
Peckham (1979) and the method of Prichard and Ship- 
man (1990). 

The disadvantages include: 

(a) the no interaction null reference model for the 
fractional product method is the Bliss independence 
model, Eq. 11, which in our view, is slightly inferior to 
the Loewe additivity model, Eq. 6. 

(b) the fractional product method is inconsistent with 
the isobologram method. It is possible to arrive at the 
opposite conclusion from that found with the isobolo- 
gram method, as illustrated by the respective analyses 
of our common data set. 

(c) there is no objective quantitative summary mea- 
sure of the intensity of synergism or antagonism. It is 
not obvious how to combine results from several sets of 
measurements. 

(d) a frugal design may give a misleading result if the 
pattern of interaction is different at different regions of 
the concentration-effect surface. 

C. Method ofValeriote and Lin (1975) 

This method is very similar to the fractional product 
method of Webb (1963). A predicted response is calcu- 
lated from the Bliss independence null reference model; 
e.g., column 5 in table 3. Then, just as with Webb's 
method, the observed and predicted responses are com- 
pared. However, Valeriote and Iin (1975) further sub- 
divide the les3-than-additive region into subadditive, 
interference, and antagonism subregions. For an inhib- 
itory drug, an interaction for a combination point is 
called (a) subadditive, if the surviving fraction is be- 
tween predicted additivity and the surviving fraction for 
the more active drug, (b) interference, if the surviving 
fraction for the combination is between the observed 
surviving fractions of the two individual drugs, and (c) 



antagonism, if the surviving fraction for the combination 
is more than for the least potent drug. 

The results from the application of the Valeriote and 
Lin (1975) approach to the common data set are: 3 com- 
bination points showed Bliss synergism, 21 points 
showed subadditivity, and 1 point showed interference. 
The conclusion is subadditivity. 

The advantages and disadvantages of the Valeriote 
and Lin (1975) method are essentially the same as of the 
fractional product method of Webb (1963). The extra 
subdivision of the less-than-additive region into three 
regions may have merit. 

JD. Method ofDrewinko et al (1976) 

This approach is also similar to the fractional product 
method of Webb (1963). The predicted surviving fraction 
is calculated from the Bliss independence model and 
listed as in column 5 of table 3. Then, the predicted 
surviving fraction is subtracted from the measured sur- 
viving fraction for the combination points, and the dif- 
ference scores are listed, such as in column 8 of table 3. 
The scores are then used as data for a Student's t-test for 
the hypothesis that the true mean is equal to zero. For 
the 25 combination points for the common data set, the 
mean Drewinko score was 2.59, with a standard error of 
1.02. There was significant Bliss antagonism, P < 0.05. 

The advantages and disadvantages of the method of 
Drewinko et al. (1976) are essentially the same as those 
of the last two approaches. A difference is that this 
method offers a summary measure of the intensity of 
interaction, with an associated statistical indication of 
the uncertainty in the measure. A disadvantage of the 
mean Drewinko score is that it is not the statistical 
expectation of any specific true parameter. In other 
words, the mean Drewinko score will very much depend 
upon which regions of the concentration-effect surface 
are sampled. A statistic, such as the mean Drewinko 
score, that depends heavily upon the design of the ex- 
periment is not ideal. 

E. Interaction Index Calculation ofBerenbaum (1977) 

This method is the algebraic analog of the isobologram 
by hand method. The general formula for the interaction 
index, i, is Eq. 22, in which D x and D 2 are concentrations 
of drug 1 and drug 2 in the combination, and ID^ V 
#>x,2> are the predicted inhibitory concentrations of each 
drug individually to give the observed effect of the com- 
bination. The specific method of estimating ID^i and 
JDx^ is left to the researcher but is often done by hand 
with pencil, graph paper, and possibly, French curve. 



We applied the interaction index method to the common 
data set by first fitting the first 13 data points with Eq. 
13, that for Loewe additivity for two inhibitory drugs 
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that both individually follow Eq. 2. The first 13 data 
points include the control points plus the drug 1 alone 
and drug 2 alone points. The data were fit with nonlin- 
ear regression, weighted by the reciprocal of the square 
of the predicted effect (This weighting factor is appro- 
priate for continuous data that have errors that are 
normally distributed and proportional to the true re- 
sponse. This error structure is common in biological 
systems and was used to generate the common data set, 
as described in the legend of table 3.) The 5 parameter 
estimates were: Econ = 99.2 ± 5.2; ICqq x = 9.52 ± 1.7; 
JC 50 , 2 = 0.966 ± 0.094; m 1 = -0.989 ± 0.11; m 2 = -1.93 
± 0.13. Then, using Eq. 8, the specific form of Eq. 22 for 
drugs that follow Eq. 2, and these 5 parameter esti- 
mates, the interaction indices were calculated for the 25 
combination points and listed in the tenth column of 
table 3. When I > 1, Loewe antagonism is claimed; when 
/ < 1, Loewe synergism is claimed. The results of this 
analysis are listed in column 11 of table 3. There were 21 
cases of Loewe synergism and 4 cases of Loewe antago- 
nism. The overall conclusion is Loewe synergism, in 
agreement with the isobologram by hand method, but in 
apparent disagreement with the fractional product 
method of Webb (1963), the method of Valeriote and Lin 
(1975), and the method of Drewinko et al. (1976). 

The advantages and disadvantages of the interaction 
index method of Berenbaum (1977) are similar to the 
isobologram by hand method. The key advantages in- 
clude: 

(a) the null reference model is the Loewe additivity 
model, Eq. 6. 

(6) if the individual concentration-effect curves for 
both drugs can be well characterized, then all of the 
combination data can be used. This eliminates some of 
the potential waste of data of the isobologram by hand 
method. Also, in principle, the experimental designs can 
be parsimonious. 

The key disadvantages include: 

(a) it is not obvious how to derive a good summary 
measure of the intensity of interaction. If one merely 
calculates a mean for all of the Is and then performs a 
Student's t-test with the null hypothesis that the true 
interaction index is equal to 1, then the same criticisms 
directed against the mean Drewinko score would apply 
here. 

(6) the analysis results are not as visually informative 
as with the isobologram by hand method. 

F. Method of Steel and Peckham (1979) 

This approach has many similarities to the isobolo- 
gram by hand approach but also several fundamental 
differences. In addition to the original reference, the 
approach is described well by Streffer and Miiller (1984) 
and by Calabrese (1991). A variant of the original ap- 
proach developed by Deen and Williams (1979) has been 
used extensively by Teicher and coworkers (e.g., Teicher 
et al. 1991). First, reference curves for the Bliss inde- 



pendence model, Eq. 11 (called Mode I additivity) and for 
Mode II additivity, Eq. 20, are constructed for a partic- 
ular effect level. An alternative equation for Mode II is 
provided by Kodell and Pounds (1991), although it is 
more common to describe the Mode II calculation with a 
diagram (e.g., Steel and Peckham, 1979; Streffer and 
Miiller, 1984). Mode I and Mode II isobols for the 20% 
survival level are shown for the analysis of the common 
data set in figure 15. All calculations and graphs were 
made with pencil, graph paper, and French curve. How- 
ever, automated curve fitting computer programs for the 
approach have been developed (Teicher et al., 1985). The 
data points are the ID 80 values estimated from families 
of log-linear concentration-effect curves (not shown), not 
from the linear-log curves in figure 12. The positions of 
the ID 60 points in figure 15 differ a little from the posi- 
tions in figure 14 because of the differences in how the 
concentration-effect curves were drawn. Note that there 
are two Mode II isobols. Especially note that the Mode II 
isobols are not the same as the "classical" isobol simu- 
lated from the Loewe additivity model, Eq. 6. This is in 
direct contradiction to claims that the Mode II model 
and Loewe additivity are the same (Teicher et al., 1991). 
[This contradiction is the result of Steel and Peckham's 
(1979) misinterpretation of the first paper on isobolo- 
grams in English by Loewe (1953). Unfortunately, this 
key paper, Loewe (1953), was written with a cryptic 
mathematical notation and is difficult to interpret. It is 
a dramatic contrast to his lucid original paper on the 
subject, Loewe and Muischnek (1926), written in Ger- 
man.] The area between the Mode I and Mode II isobols 
is called the "envelope of additivity." 

Because most of the ID 80 points fall between the bor- 
ders of the envelope of additivity, using either Mode II 
isobol for the upper boundary, the conclusion for the 
common data set would be additivity. 




O 10 20 30 0 40 



[DRUG I] 

Fig. 15. Isobologram from the Method of Steel and Peckham 
(1979) for the 20% survival level UC^X Note that the isobol for the 
Mode I assumption, each of the two isobols for the Mode II assump- 
tion, and the isobol for the classical Loewe additivity assumption are 
all different. The data pointB are IC^s taken from log-linear plots of 
^survival vs. drug concentration. The letters next to the points 
correspond to the legend of the linear-log survival plots in figure 13. 
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The advantages of the method of Steel and Peckham 
(1979) include: 

(a) a region, the envelope of additivity, is provided to 
facilitate judgments about departures from no interac- 
tion, rather than a line. The envelope of additivity pro- 
vides a standard, with a reasonable theoretical justifi- 
cation, to aid in the decision of whether a departure from 
additivity is great enough to warrant further consider- 
ation. 

(6) the automated variant of the approach (Teicher et 
aL, 1985) provides a degree of objectivity and some sta- 
tistical rigor. 

(c) the approach is widely accepted. 

The disadvantages of the method include: 

(a) neither of the two no interaction null reference 
models, that for Mode I or that for Mode n, are the 
preferred Loewe additivity model. The Mode II reference 
model is not part of other common approaches; in addi- 
tion, it results in two predictions. 

(6) the envelope of additivity does not take into ac- 
count the precision of the data; it is not larger for data 
with more experimental error. It is not a statistical 
interval. 

(c) the method lacks a summary measure of the inten- 
sity of interaction. 

{d) the method is insensitive to small but real and 
potentially important interactions. It lacks good statis- 
tical power. This was seen for the analysis of the com- 
mon data set. 

G. Median-effect Method ofChou and Talalay (1984) 

Of all of the methods examined in this paper, the 
median-effect approach received the most thorough re- 
view. This is because, of all of the methods to assess 
agent interaction introduced since 1970, the method of 
Chou and Talalay (1984) has been the most influential 
and controversial. Probably the key element of the ap- 
proach that has led to its widespread use is the avail- 
ability of an implementation in inexpensive microcom- 
puter software (Chou and Chou, 1987). Chou (1991a) 
lists 79 recent publications that applied the median- 
effect approach to real laboratory data; 39 centered on 
anticancer agents, 25 centered on antiviral agents, and 
15 centered on other miscellaneous agents. Our own 
literature survey located 3 application papers in 1985, 5 
in 1986, 13 in 1987, 16 in 1988, 28 in 1989, 31 in 1990, 
and 11 in an incomplete survey of 1991 for a total of 107. 
It is clear that the approach has many advocates and 
that its use has continued to grow. The article, Chou and 
Talalay (1984), may become one of the most often-refer- 
enced scientific papers in the history of biomedicine. 

The median-effect approach is the Elimination of a 
long series of very technical papers centered on describ- 
ing a wide variety of complex enzyme kinetic mecha- 
nisms with a general framework (see Chou, 1991a for a 
summary). Many useful concepts and equations were 
introduced by this series of papers, including several 



used by our group in the development of our own re- 
sponse surface approach for assessing agent combina- 
tions (Greco et al., 1990). In fact, our original motivation 
in developing our approach was merely to add small 
improvements to the median-effect method. For in- 
stance, our first goal was to show (via Monte-Carlo sim- 
ulation) that using weighted nonlinear regression to fit a 
nonlinear form of the median-effect equation, Eq. 1, to 
single drug data was superior to using unweighted lin- 
ear regression to fit a linearized form of the median- 
effect model, Eq. 23, to single drug data (Syracuse and 
Greco, 1986). Even though the weighted nonlinear re- 
gression approach was consistently more precise and 
less biased than the unweighted linear regression ap- 
proach, for the estimation of both Dm and m y the differ- 
ences were usually not striking, and the simpler method 
performed very well for most cases. However, as we 
examined the method of Chou and Talalay (1984) more 
closely, we found several disturbing problems, which 
will be described below. In addition, our own approach 
developed along very different lines, most notably with 
the incorporation of some ideas of Berenbaum (1985). 
Today, our approach for assessing agent interaction 
(Greco et al., 1990) bears only a faint resemblance to the 
median-effect method. 

The analysis of the common data set by the approach 
of Chou and Talalay (1984) is shown in figure 16. Only a 
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Fig. 16. Median-effect (upper panel) and CI vs. fa plot (lower 
panel) for the analysis of data from table 3, columns 2 through 4, for 
drug 1 alone (points 4 through 8), drug 2 alone (points 9 through 13) 
and for the combination at a fixed ratio oiD^D 2 of 10:1 (points 14, 20, 
26, 32, and 38) The solid square data points in the lower panel 
represent the five combination points and were calculated as de- 
scribed in the text. 
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brief description of the approach is included here; there 
have been many detailed recipes of the approach previ- 
ously published (e.g., Chou and Talalay, 1984; Chou and 
Chou, 1987; Chou, 1991b; Calabresi, 1991). The easiest 
way to apply the approach to a data set is to use the 
software program by Chou and Chou (1987), which is 
available for both the Apple II and IBM-compatible per- 
sonal computers. Eq. 23 is fit to data from drug 1 alone, 
drug 2 alone, and the combination of drug 1 and drug 2 
in a fixed ratio. [Eq. 23 is a linearized form of Eq. 24, 
essentially equivalent to the Hill equation, Eq. 2, and 
was derived by Chou and Talalay (1981).! 



logC/iT 1 - 1] = \ogifa~ 1 - l]" 1 

= /nlog(D) - m\og{Dm) 

fa _ I D \ m 
fit~\Dm~) 



[23] 



[24] 



An average control effect was first calculated (the aver- 
age of the 3D! = Z) 2 = 0 points, 106, 99.2, and 115 from 
column 4 of table 3) to be 107. Then, each fu value was 
calculated by dividing the measured effect in column 4 
by 107. For drug 1 alone, points 4 to 8 were used, for 
drug 2 alone, points 9 to 13 were used, and for the 
combination at a fixed ratio of 10:1, points 14, 20, 26, 32, 
and 38 were used. (In principle, more sets of points from 
other fixed ratios from the data set in table 2 could have 
been used for the analysis; however, it is very common to 
apply the approach to a single fixed ratio.) Additional 
calculations were performed on the 15 data points to 
construct the transformed y-values of loglfu" 1 -!] and 
the transformed ^-values of log(D). Unweighted linear 
regression was applied separately to the three sets of 
five points each, and the slopes and y-Lntercepts were 
estimated, m and -rn\ag(Dm), respectively. The trans- 
formed data and fitted curves are in the upper panel of 
figure 16. The Dm values were calculated from the y- 
intercepts and slopes. The six estimated parameters 
were: for drug 1, Dm 1 = 7.40, m 1 - 0.845; for drug 2, 
Dm 2 = 0.631, m 2 = 1.37; for drug 1 + 2 in a fixed ratio, 
Dm 12 = 4.48 and m 12 = 1.77. [Note that the signs of the 
ma have been made positive to correspond to the stan- 
dard implementation of the approach of Chou and Tala- 
lay (1984); this is the opposite of the convention usually 
used by our group.] According to Chou and Talalay 
(1984), if m 1 = m 2 = m 12 , then the two drugs are claimed 
to be mutually exclusive; if m 1 = m 2 £ then the two 
drugs are claimed to be mutually nonexclusive; if m x # 
ra 2 , the mutual exclusivity of the drugs is unclear. Chou 
and Talalay (1984) do not explicitly state how the equiv- 
alencies of m l9 m 2t and m 12 should be determined How- 
ever, we will make the conclusion that 0.845, 1.37, and 
1.77 are sufficiently different from each other that the 
mutual exclusivity is unclear for the common data set. 



In the lower panel of figure 16 are the CI vs. fa plots 
for both the mutually exclusive and mutually nonexclu- 
sive assumptions. These plots were generated by insert- 
ing the six estimated parameters from the median effect 
plots into Eq. 25 for the mutually exclusive case and into 
Eq. 26 for the mutually nonexclusive case (Chou and 
Chou, 1987; Chou, 1991b), and calculating CI for the 
range of fa from 0.01 to 0.99. (Here, R is the ratio of 
concentrations of D^D^. The area above the CI = 1 line 
represents antagonism; below, synergism. The five data 
points in the lower panel represent the five combination 
points that have been transformed with Eq. 27 and 
directly plotted, without relying on the estimation of 
Dm 12 and m 12 . This addendum to the approach, sug- 
gested mainly for nonconstant combination ratios 
(Chou, 1991a), is also applicable to fixed combination 
ratios, as shown by our example. To the best of our 
knowledge, it is not yet available in the commercial 
software (as of August, 1992). This is essentially the 
same approach as described in Section V.E., the calcu- 
lation of Berenbaum's (1977) interaction index. 



Dm 



12 



C7 = - 



R 



R + l 



fa 



Wa 



ci = 



Dm 1 


fa 




1 - 


-fa 




Dm x2 


R 


' fa 




R+l 


1 - 


-fa 




Dm-L 


fa 




1- 


'fa\ 





Dm 12 


1 


fa ' 




R + l 


1- 


~fa 






fa 






1- 


fa\ 




r: 



[25] 



Dm^ 


1 


' fa 1 


I/m 12 


R + l 


1- 


-fa 




Dm 2 


fa 


lJm 2 




1 - 


fa 




r: 



[26] 



Dm 2 ^ 


R 


[ f a ' 


2Jm l2 


(R + 1) 2 


1 


-fa 






DntiDm-i 


fa 


lAn, 


fa 


1/mg 


1-fa 




1-fa 





Dm, 



fa 



1-fa 



Dm* 



fa 



1-fa 



Vm 2 



[27] 



Overall, the conclusion is strong antagonism at low /as, 
slight synergism at fa > 0.8, with the assumption of 
mutual nonexclusivity; strong Loewe antagonism at low 
/as, slight Loewe synergism at fa > 0.8, with the as- 
sumption of mutual exclusivity. Note that the extreme 
antagonism occurs to the left of the combination data 
points. If one would just examine the five combination 
points calculated with Eq. 27, then one might conclude 
Loewe additivity; or slight Loewe antagonism at low /as 
and slight Loewe synergism at high fas. 

The advantages and good features of the median- 
effect approach of Chou and Talalay (1984) include: 
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(a) the fundamental equations for the approach were 
derived from basic mass action enzyme kinetics, and 
thus, the estimable parameters have the potential to be 
biologically meaningful. However, the approach has 
most often been applied to much more complex systems, 
such as biochemical networks, viruses, bacterial cells, 
mammalian cells, intact mammals, or populations of 
mammals. Therefore, the biochemical origin of the me- 
dian-effect approach, a relatively simple system of mul- 
tiple inhibitors of a single enzyme, will usually not fa- 
cilitate mechanistic insights into the more complex 
systems to which the approach is applied. The mecha- 
nistic models of the approach are used essentially in an 
empirical manner. 

(6) many useful equations, combined-action concepts, 
and specific applications of the approach have been pub- 
lished that have inspired others to create newer ap- 
proaches (e.g., Greco et aL 1990). 

(c) part of the method involves the fitting of models to 
data with an objective, well accepted statistical ap- 
proach, namely linear regression. 

(d) the experimental design requires fewer data points 
than a typical design to be analyzed by the isobologram 
technique and other methods. However, the common 
sparse design with one fixed ratio of DiD 2 may miss 
some interesting regions of the full 3-D concentration- 
effect surface (Prichard and Shipman, 1990). 

(e) the mutually exclusive model is consistent with the 
Loewe additivity null reference model. 

if) for many analyses of real data, when artifacts 
inherent in the approach do not make a major contribu- 
tion, the overall general conclusions will be consistent 
with more rigorous methods. However, conversely, when 
artifacts do make a mayor contribution, the final conclu- 
sions will not be consistent with more rigorous methods. 
For example, in an informal survey of 37 application 
papers that used the Chou and Talalay (1984) approach, 
we re-analyzed 136 data sets with the parametric model 
fitting approach, using Eq. 5, described in Section V.L.I. 
For only 38 of the 136 data sets (28%) was there close 
agreement in the final conclusions for the two ap- 
proaches. 

(g) the method i3 available in microcomputer software 
for the popular Apple II (Apple Computer Inc., Cuper- 
tino, CA) and IBM PC (IBM Corporation, Boca Raton, 
FL) (and compatible) microcomputers. This last advan- 
tage is the most crucial: for any sophisticated data anal- 
ysis technique to be used routinely by biomedical scien- 
tists, especially by those with little mathematical and 
statistical training, the method must be readily avail- 
able in the form of inexpensive, user-friendly software. 

The disadvantages of the method of Chou and Talalay 
(1984) include: 

(a) the mutually nonexclusive model was not ade- 
quately derived. Appendix A includes an extensive dis- 
cussion of this point, provides a derivation from basic 
enzyme kinetic arguments for Eq. 12, a model that can 



also be derived directly from the concept of Bliss inde- 
pendence, and provides support for Eq. 12 being a more 
appropriate model for mutual nonexclusivity for two 
inhibitors against a single enzyme, than Chou and Ta- 
lala/s model 18 (or an alternate form, Eq. 19). It must 
be noted that, as shown in Appendix A, the mutually 
nonexclusive model of Chou and Talalay (1984) for two 
inhibitors of a single enzyme can be derived from en- 
zyme kinetic arguments by making some additional as- 
sumptions. However, it is unlikely that an equation de- 
rived from a set of unusual assumptions, for a rare 
experimental system, would have general utility for 
modeling concentration-effect phenomena from a wide 
spectrum of complex agent interaction systems. Another 
implication of this discussion is the weakness of Chou 
and Talalays (1984) argument that the fractional prod- 
uct method of Webb (1963) is not valid for higher order 
systems with sigmoidal concentration-effect curves 
( | m | > 1). In fact, from a theoretical basis, any approach 
based upon Loewe additivity or Bliss independence is 
"valid* for most types of concentration-effect functions 
over a wide range of parameter values. 

(6) as shown in Appendix B, Nonlinear Nature of the 
Median Effect Plot for Mutual Nonexclusivity section, 
the median-effect plot for mutually nonexclusive inhib- 
itors is not linear, this leads to inaccuracies in the esti- 
mation of Dm 12 and especially of m 12 via linear regres- 
sion, and then to artifacts in the CI vs. fa plot, including 
large antagonism at low fas. Interestingly, this nonlin- 
earity in the median-effect plot for their mutually non- 
exclusive model was first shown by Chou and Talalay 
(1981) in their figure 2 (not shown here). 

(c) the CI formula for the mutually nonexclusive case 
is not correct. This is shown in Appendix B, Incorrect 
Combination Index Calculations for the Mutually Non- 
exclusive Case section. This also leads to artifacts in the 
CI vs. fa plot. 

(d) even for the mutually exclusive case, one effect of 
Loewe synergism or Loewe antagonism is to make the 
median-effect plot nonlinear, leading to artifacts in the 
CI vs. fa plot. This is shown in Appendix B, Nonlinear 
Nature of the Median Effect Plot for Mutual Exclusivity 
with Interaction section. 

(e) The median-effect equations for both the mutually 
exclusive and nonexclusive cases were originally derived 
by Chou and Talalay (1981) with the assumption that 
m 1 = m 2 . When m 1 m 2 , which is usually the case, both 
models are only approximately valid. The approximation 
becomes worse as the difference between the ms be- 
comes larger. This problem and several others are illus- 
trated in figure 17. Eight simulations were conducted 
using Eq. 5 as a model (not the model) for Loewe syner- 
gism or Loewe antagonism, using the values for m lt m 2 
and a listed in the insets of the figure. The simulated 
data were plotted in panel A after the median-effect 
transformation. The CI vs. fa plots were simulated di- 
rectly with Eq. 8, thus avoiding many of the calculation 
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Fro. 17. Median-effect plots (A) and CI vs. fa plots (£) for data simulated with Eq. 5, with parameters: Econ = 100, IC^ j = 10, 7C M a = 
1 and m lt m 2 , a as listed in the inset boxes in each panel. CI was calculated from Eq. 8. Note that the median-effect plot is a straight line 
only for the case in which m, = m 2 and a = 0. Thus, both m, * m 2 and a ± 0 will result in a curved median-effect plot. Also note that the 
shape of the CI vs. fa plots are influenced by both the slope parameters and the interaction parameter. 



artifacts discussed in points (6) through (d) of this sec- 
tion. Note that the median-effect plot is a straight line 
only for the case a., in which m 1 = m 2 = -1, and a = 0. 
Thus, either m 1 ± m 2 , or a ± 0, or both conditions will 
result in a curved median-effect plot. Note that large 
differences in slope parameters (e.g., curve e., m x = -1, 
m 2 = -6, a = 0) seem to have a more profound effect on 
the curvature than does a high a value (e.g., curve c, 
m 1 = -1, m 2 = -1, a = 20). Because only pure Loewe 
additivity, pure Loewe synergism, or pure Loewe antag- 
onism were simulated, none of the CI vs. fa plots cross 
the CI =1 line. Note that all of the plots, for both Loewe 
synergism and Loewe antagonism, start at CI = 1 (fa = 
0). This implies that all reported CI vs. fa plots that 
show large antagonism in the region near fa = 0, contain 
calculation artifacts. Indeed, the CI =1 at fa =0 point 
should be the anchor for all CI vs. fa plots, no matter 
what kind of combined-action is present. Also note that 
CI vs. fa curves 6. and c. (m 1 = m 2 = -1) curve downward 
near fa =1, whereas, curves/, and g. (m 1 = -1, m 2 = -5) 
curve upward near fa = 1. Finally, note that increasing 
degrees of Loewe synergism, for the same set of slope 
parameters, order the curves from bottom to top for the 
median-effect plot, but from top to bottom for the CI vs. 
fa plot. It is clear that in the vast majority of cases, the 
median-effect linearization of combination data at a 
fixed ratio will result in a true nonlinear curve. The 
nonlinearity may be small, and data variation may mask 
the nonlinearity, but the fitting of a median-effect 
straight line to such data will almost always be, at best, 
only approximately correct. 

if) the method of Chou and Talalay (1984) lacks many 
aspects of modern statistical approaches. First, the fit- 



ting of the median-effect line to data with linear regres- 
sion does not have the option of weighting. However, 
proper weighting only offers a slight improvement to the 
unweighted linear regression (Syracuse and Greco, 
1986). Second, the only goodness of fit statistics offered 
are Pearson correlation coefficients, r, for each separate 
unweighted linear regression of the transformed data 
for each median-effect plot. It would be useful to have 
some overall goodness of fit statistic for the fit of the 
overall model simultaneously to all of the data. There is 
no uncertainty measure provided with the estimates of 
m lf m 2 , and m 12 to aid in making the decision between 
mutual exclusivity vs, mutual nonexclusivity. Most im- 
portantly, there is no uncertainty measure associated 
with the final result, the CI vs. fa plot. Objective deci- 
sions regarding the occurrence of moderate degrees of 
Loewe synergism or Loewe antagonism are therefore 
difficult. However, newer variants of the approach in- 
clude more extensive statistical procedures, such as con- 
fidence intervals for the combination index (BelenTrii 
and Schinazi, 1994). 

(g) the relationship between the Cl vs. fa plot, the 
original raw data, and the original concentration-effect 
curves is somewhat hard to visualize. The experimenter 
may "lose touch" with his data. However, a good under- 
standing of the relationship between the CI vs. fa plot 
and the 3-D concentration-effect surface for a two drug 
combination, figure 7, may assist in this visualization. 

ih) the Chou and Talalay (1984) approach first in- 
volves a decision on mutual exclusivity vs. mutual non- 
exclusivity, and then a decision on synergism, additivity, 
or antagonism, for a total of six different cases. There is 
a conceptual difficulty in differentiating between mutual 
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exclusivity with synergism and mutual nonexclusivity 
with synergism, additivity, and especially with antago- 
nism. The regions overlap. This can he seen in isobols of 
figure 6, in which curve E represents pure mutual ex- 
clusivity (a = 0), curve C represents pure mutual non- 
exclusivity (a = 1), and curve D (a = 0.5) would be an 
example of Loewe synergism with reference to the mu- 
tually exclusive model and of Loewe antagonism with 
reference to the mutually nonexclusive model. In line 
with this reasoning, the figure legend of figure 2 from 
Chou and Talalay (1981) states that the curve for mu- 
tual nonexclusivity "clearly shows synergistic effects at 
high concentrations. ... w In fact, one can see that the 
nonlinear form of the mutually nonexclusive model, Eq. 
19, is the same as our flagship model for Loewe syner- 
gism, Eq. 5, with m = m 1 = m 2 and a = 1. 

(i) the available software (Chou and Chou, 1987) that 
implements the approach is relatively unsophisticated. 
Future changes in the computer software should include 
improvements in graphics, datafile editing, saving and 
retrieving, and the prevention of the program from 
"bombing" under certain conditions. 

(j) if the concentration-effect curve for either agent in 
a combination does not follow the Hill model, Eq. 1 (or 
the equivalent median-effect model, Eq. 24), then the 
Chou and Talalay (1984) approach is not valid. 

(A) there are three practical decisions that users of the 
Chou and Talalay (1984) approach must make that crit- 
ically affect the final results: (1) what to do with data 
points in which % survival equals or exceeds 100%, or 
equals or is less than 0%; such data will lead to compu- 
tational difficulties; (2) how to decide whether a specific 
two-agent interaction is mutually exclusive or mutually 
nonexclusive, especially when m x & rn 2 l and (3) how to 
conclude synergism, additivity, or antagonism from the 
CI vs. fa plot. There is a wide variety of different tactics 
used by different groups to make these three critical 
decisions. Therefore, the objectivity of the approach is 
lessened. For example, for decision (1), some groups 
either censor any extreme points (fa ^ 1, fa ^ 0) or 
change any fa s 1 to a usable fa such as 0.96 (e.g., 
Schinazi et al., 1986), whereas, most groups do not spec- 
ify their procedure (e.g., Hartshorn et al., 1986). For 
decision (2), as recommended by Chou and Talalay 
(1984), some assume mutual exclusivity when the medi- 
an-effect plots for both single drugs and the combination 
are parallel (e.g., Koshida et al., 1989), assume mutual 
nonexclusivity when the slope parameters for the single 
drugs are similar but the slope for the combination is 
much different (e.g., Nocentini et al., 1990), and report 
both exclusivities when the median-effect plots for both 
single drugs are not parallel (e.g., Eriksson and Schi- 
nazi, 1989). However, some groups report the mutual 
exclusivity results, because they feel that the mutually 
nonexclusive results would not be much different (e.g., 
Vogt et al., 1987; Kuebler et al., 1990). Some report 
mutual exclusivity, because it corresponds to the classi- 



cal isobologram approach (e.g., Johnson et al., 1992); 
some groups assume mutual nonexclusivity, because it 
yields a more conservative estimate of CI (e.g., Vathsala 
et al., 1990). Some assume mutual nonexclusivity, be- 
cause the two agents are known to act at different sites 
(e.g., Jackson, 1992), and some assume some exclusivity, 
but don't state which one or why (e.g., Richman et al., 
1991). For decision (3), some groups stress the CI at high 
fas, such as 0.50, 0.75, 0.90 and 0.95 (e.g., Kong et al., 
1991). Some show the whole CI vs. fa plot, from 0.01 to 
0.99 and describe many of the nuances of the curve, 
including the point at which the CI = 1 line is crossed 
(e.g., Wadler et al., 1990). Some report an average CI for 
the 50% effect point from several replicate experiments, 
along with a standard deviation (e.g., Katz et al., 1990). 
Some use several other additional approaches to analyze 
the data, such as the isobologram approach, or the 
method of Steel and Peckham (1979) and then report a 
consensus (e.g., Nocentini et al., 1990). There are no firm 
guidelines for assessing the importance of small consis- 
tent differences between the CI vs. fa plot and the CI = 
1 line. For example, in Chou and Chou (1987), the CI vs. 
fa plot on page 42 follows a path slightly above the CI = 
1 line, with a conclusion of additivity; whereas, the 
CI vs. fa plot on page 61 follows a path slightly below the 
CI - 1 line, with a conclusion of strong synergism. 

H. Method ofBerenbaum (1985) 

In one sense, the method of Berenbaum (1985) is 
merely a graphical version of the interaction index ap- 
proach ofBerenbaum (1977). However, interpreted dif- 
ferently, the method ofBerenbaum (1985) is the basis of 
all modern nonparametric and parametric response sur- 
face approaches to be described in Sections V.K and 
V.L. The approach consists of fitting concentration-effect 
models to data for each agent alone, deriving a model for 
Loewe additivity consistent with these single agent mod- 
el s, simulating the Loewe additivity model, superimpos- 
ing this simulated Loewe additivity surface upon the 
raw data points, and then deciding whether points are 
above or below the surface, which will indicate Loewe 
synergism or Loewe antagonism, depending upon 
whether the 3-D concentration-effect surface rises or 
falls with increasing agent concentrations. The derived 
Loewe additivity models can accommodate different 
slope parameters for each agent when each agents con- 
centration-effect curve follows a Hill model, Eq. 2, 3. The 
Loewe additivity models can even accommodate differ- 
ent functional forms for the concentration-effect curve 
for each agent Unfortunately, these models are often in 
unclosed form. A formal parametric model for Loewe 
additivity is useful, but optional: Berenbaum (1985) 
shows an example of fitting complex single agent data by 
hand. Suhnel (1992c) has derived and listed many para- 
metric Loewe additivity models and emphasizes the use 
of 3-D interaction plots, such as figure 9, and 3-D differ- 
ence surfaces such as in figure 10. The functional form of 
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the derived Loewe additivity response surfaces, e.g., Eq. 
13, can easily be extended to include interaction terms, 
leading to a full combined-action model, such as Eq. 5. In 
fact, the guidelines from Berenbaum (1985) for deriving 
general Loewe additivity models led us directly to the 
derivation of Eq. 5, which was first published in Syra- 
cuse and Greco (1986). Interestingly, essentially the 
same logic for deriving Loewe additivity and combined- 
action models was part of a review paper by Hewlett 
(1969), who provides examples of combined-action mod- 
els from Finney (1952), Plackett and Hewlett (1952), 
Landahl (1958), and Plackett and Hewlett (1967). How- 
ever, Berenbaum's (1985) hallmark paper is much 
clearer and was published at a time when the necessary 
computer hardware and software were sufficiently avail- 
able to enable the routine application of his paradigm 
and logical variants to real data. 

We applied the method of Berenbaum (1985) to the 
common data set by first fitting the first 13 data points 



in columns 2 to 4 of table 3 with Eq. 13, that for Loewe 
additivity for two inhibitory drugs that both individually 
follow Eq. 2, just as described for the interaction index 
approach of Berenbaum (1977) in Section V.E. The first 
13 data points include the control points plus the drug 1 
alone and drug 2 alone points. Just as in Section V.E., 
data were fit with nonlinear regression, weighted by 
the reciprocal of the square of the predicted effect. The 
five parameter estimates were: Econ = 99.2 ± 5.2; IC 60 1 
= 9.52 ± 1.7; lC 50r2 = 0.966 ± 0.094; m 1 = -0.989 ± O.li; 
m 2 = -1.93 ± 0.13. Then, instead of calculating an in- 
teraction index using Eq. 8, the fitted curve is shown in 
figure 18(A), along with the raw data. For the 25 com- 
bination points, a solid point (above the surface) indi- 
cates Loewe antagonism, and an open point indicates 
Loewe synergism. The results are identical (as they 
must be) to the results from the interaction index ap- 
proach of Berenbaum (1977) shown in columns 9 to 11 of 
table 3. There were 21 cases of Loewe synergism and 4 




Fig. 18. Analyses of data from table 3, columns 2 through 4. (A) Approach interpreted from Berenbaum (1985). Data for drug 1 alone and 
drug 2 alone were fit by a Loewe additivity model, Eq. 13, with nonlinear regression as explained in the text. The 3-D fishnet is the best fit 
Loewe additivity surface. The full 38-point data set is plotted on the same graph, with vertical lines'indicating the distance between the data 
points and the surface. Solid points are above the surface, and open points are below. For the 25 combination points, a solid point indicates 
Loewe antagonism, and an open point, Loewe synergism. There is an exact correspondence between this 3-D graph and columns 9 through 
1 1 of table 3. (£) Graphical BHss independence comparison. The best fit parameters from the fit of the Loewe additivity model, Eq. 13, were 
estimated as for panel (A), but these parameters were used with the Bliss independence model, Eq. 12 to simulate the 3-D surface. The full 
38-point data set is again plotted on the same graph. There are 11 points above the surface (Bliss antagonism), and 14 points below the 
surface (Bliss synergism). 
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cases of Loewe antagonism. The overall conclusion is 
Loewe synergism. 
The key advantages include: 

(a) the null reference model is the Loewe additivity 
model, Eq. 6. 

(6) if the individual concentration-effect curves for 
hoth drugs can be well characterized, then all of the 
combination data can be used. 

(c) the experimental designs can be parsimonious. 

(d) the single agent data are fit with a logical response 
surface model, possibly with modern curve fitting tech- 
niques. 

(e) it is not necessary to derive or use some arbitrary 
combined-action model for fitting the combination data. 
Mosaics of regions of Loewe synergism and Loewe an- 
tagonism are thus easily accommodated. 

(f) the approach led to the creation and use of full 
combined-action models (e.g., Greco et al., 1990). 

(g) the approach can be used to characterize very 
complex mixtures of three or more agents. If one is 
chiefly interested in the assessment of combined-action 
at a specific combination of doses of the agents and not 
in characterizing the whole response surface, then ex- 
perimental designs can be very frugal. 

The key disadvantages include: 

(a) just as with the interaction index calculation ap- 
proach (Berenbaum, 1977), it is not obvious how to de- 
rive a good summary measure of the intensity of inter- 
action, with an accompanying measure of uncertainty. 
However, Gennings (1995) recently proposed some ex- 
tensions to Berenbaum's (1985) method that include 
some excellent statistical summary measures of depar- 
tures from Loewe additivity. 

(b) the derivation and application of complex Loewe 
additivity models may require considerable mathemati- 
cal, statistical, and computing resources. 

/. Bliss (1939) Independence Response 
Surface Approach 

We did not find this specific method in the literature, 
but it is included because it is a logical cross between the 
Webb (1963) and Berenbaum (1985) approaches. This 
approach is a graphical version of the fractional product 
method of Webb (1963) and is similar, but not identical, 
to the method of Prichard and Shipman (1990) described 
in Section V.J. The results are shown in figure 18(B), 
which was made in the same way as described in Section 
V.H. for the Berenbaum (1985) approach, except that the 
Bliss independence model, Eq. 12, was used to simulate 
the 3-D surface. There are 11 points above the surface 
(Bliss antagonism) and 14 points below the surface 
(Bliss synergism). The overall conclusion would be Bliss 
independence. Interestingly, the results differ from 
those previously found with the fractional product ap- 
proach (Webb, 1963) (column 6 of table 2; 4 cases of Bliss 
synergism and 21 cases of Bliss antagonism). This dif- 
ference is caused by the use of fitted individual concen- 



tration-effect curves for making the Bliss independence 
predictions for the surface approach, vs. the raw data for 
the individual drugs for making the Bliss independence 
predictions for the fractional product method. 

This approach shares advantages (6) through (e) of the 
Berenbaum (1985) approach. It is possible that full com- 
bined-action models can be derived and applied, as sug- 
gested by Unkelbach (1992). 

The key disadvantages include: 

(a) the basis of the approach is Bliss independence, not 
our Loewe additivity preference. 

(6) it is not obvious how to derive a good summary 
measure of the intensity of interaction, with an accom- 
panying measure of uncertainty. However, variants of 
the recently proposed extensions by Gennings (1995) to 
Berenbaum's (1985) approach may solve this problem. 

(c) the derivation and application of complex Bliss 
independence models may require considerable mathe- 
matical, statistical, and computing resources. 

J. Method of Prichard and Shipman (1990) 

This approach (e.g., Prichard et al., 1990) is a graph- 
ical, 3-D version of the fractional product method of 
Webb (1963). Figure 19 shows the result of the analysis 
of the common data set, columns 2 through 4 of table 3. 
A checkerboard (factorial) experimental design, like that 
provided by the common data set, is necessary for the 
optimal use of the approach. We used the MacSynergy II 
program (Prichard et al., 1992), which is a set of Mi- 
crosoft Excel (Microsoft Corporation, Redmond, WA) 
spreadsheets and macros, kindly provided by M. Pri- 
chard, which was run with Excel to perform the neces- 
sary calculations. We used the Tecplot graphics package 
(Amtec Engineering, Inc., 1988) to prepare figures 19 
and 20. 

First, the % inhibition for every data point is calcu- 
lated (100% - column 3 of table 3 divided by the average 
control, 106.7). (Note that 107 was the average control 
value used to generate columns 5 and 8 in table 3.) The 
points, connected with straight lines, are plotted on a 
3-D graph in figure 19(A). The predictions, based upon 
Bliss independence, are calculated on a point-by-point 
basis, just as with the Webb (1963) approach and are 
plotted in figure 19(B). Figure 19(C) is the difference plot 
of the % inhibition above predicted. These differences 
are equivalent to the Drewinko et al. (1976) Scores in 
column 8 of table 3, after reversing the signs, and divid- 
ing the Drewinko Scores by the average control. There 
are 22 combination points below the zero plane, repre- 
senting Bliss antagonism, and 3 points above the zero 
plane, representing Bliss synergism. These 3 data points 
are the same ones that showed Bliss synergism in table 
3, data points 21, 26, and 36. The Bliss synergy differ- 
ences were added up to yield a summary measure, 7.19, 
and the Bliss antagonism differences were added up to 
yield a Bliss antagonism summary measure, -65.27. 
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Fig. 19. Method of Prichard and Shipman (1990) applied to the data from table 3, columns 2 through 4. (A) Raw data, 36 data points (the 
3 control points were averaged into 1 point), expressed as ^inhibition, connected by straight lines, in a 3-D plot. (B) combination points are 
predicted directly from the raw data for drug 1 alone and drug 2 alone, with Eq. 11, that for Bliss independence, expressed as ^inhibition, 
and connected with straight lines, in a 3-D plot. (O The set of points from panel (B) are subtracted from the set of points from panel (A) and 
shown in a 3-D plot Sections of the difference surface above 0 indicate Bliss synergism, below 0, Bliss antagonism. Both Bliss synergism and 
Bliss antagonism are seen. 




Fig. 20. An alternate approach provided by Prichard et al. (1992) that integrates the Loewe additivity reference concept of Berenbaum 
(1985), applied to the data from table 3, columns 2 through 4. (A) Same as panel (A), figure \9. (B) Predicted Loewe additivity surface 
analogous to panel (£) of figure 19. (C) Difference surface analogous to panel (O of figure 19. Mostly, Loewe synergism is seen. The algorithm 
used by Prichard et al. (1992) does not make Loewe additivity predictions for points along the outer edge, and thus the predicted and 
difference surfaces appear to be smaller than those of figure 19. 



Although we were able to successfully apply the 
Prichard and Shipman (1990) method to our common 
data set, the ideal data set for this approach will contain 
replicates. Replicates allow the calculation of point-by- 
point 95%, 99%, and 99.9% confidence intervals for the 
experimental data. If the lower confidence limit for a 
point is greater than the predicted Bliss independence, 
the observed Bliss synergy is considered to be signifi- 
cant. Similarly, if the upper confidence limit for a point 
is less than the predicted Bliss independence, the ob- 
served Bliss antagonism is considered to be significant. 
The significant Bliss synergism and antagonism differ- 
ences are totaled separately for additional summary 
measures. The overall conclusion for the results of the 
analysis of our common data set is Bliss antagonism. 
However, as stated above, replicates are needed in order 
to make firm conclusions with this approach. 
The main advantages of the approach are: 
(a) the approach emphasizes the 3-D nature of com- 
bined-action concentration-effect surfaces; it is very vi- 
sually oriented. 



(6) the software, MacSynergy II, is inexpensive and 
straightforward to use, provided that one already is 
proficient with Excel (or possibly some other spread- 
sheet software) and a suitable graphics package. 

(c) the approach is very flexible and does not require a 
parametric model for either the single agent concentra- 
tion-effect curves or for combined-action. The approach 
is, essentially, a very simple nonparametric multivari- 
ate curve fitting procedure. The approach can easily 
accommodate mosaics of interspersed regions of Bliss 
synergism and Bliss antagonism. 

(d) there are some summary and uncertainty mea- 
sures associated with claims of Bliss synergism and 
Bliss antagonism. 

(e) mathematical, statistical, and computing complex- 
ities associated with the fitting of full combined-action 
response surface models are avoided. 

(/) when compared with all of the simpler approaches 
examined in this review, Sections V. A-V. G, the method 
of Prichard and Shipman (1990) stands out as having 
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the best combination of automation, accessibility, intu- 
itiveness, and visualization. 
The disadvantages include: 

(a) Bliss independence is the main no interaction ref- 
erence model. However, a new feature added to MacSyn- 
ergy II, but not necessarily recommended by Prichard et 
al. (1992), is the ability to use Loewe additivity as the 
null reference model. The results of the analysis of the 
common data set are displayed in figure 20. Note that 
the algorithm used by Prichard et al. (1992) does not 
make Loewe additivity predictions for points along the 
outer edge, and thus the predicted and difference sur- 
faces appear to be smaller than those of figure 19. The 
conclusion for the analysis in figure 20 is Loewe syner- 
gism. 

(6) the ideal experimental design, a full checkerboard 
of drug dilutions with replicates, may be prohibitive for 
many applications. However, for many in vitro studies of 
antiviral or anticancer agents, experimental systems 
use 96-well culture plates, which facilitates the require- 
ment of a large experimental design. 

(c) similar methods described in Sections V.H. and 
V.L, in which the data for drug 1 alone and drug 2 alone 
are fit by specific parametric models, but in which the 
combination points are not fit by specific combined- 
action models, may offer a cost-effective advantage over 
the Prichard and Shipman (1990) approach. 

id) the approach is essentially, an exploratory ap- 
proach. It may be ideal as a front-end for further para- 
metric 3-D response surface approaches for most data 
sets, or possibly a reasonable final method for very com- 
plex data sets with numerous regions of true Bliss syn- 
ergism and Bliss antagonism. However, it might be of 
interest to test whether some of the mosaics of Bliss 
synergism and Bliss antagonism disappear after substi- 
tuting Loewe additivity for Bliss independence as the no 
interaction null reference model Data sets generated 
with a full replicated checkerboard design likely contain 
much more useful information than can be revealed by a 
simple exploratory approach. It would be cost-effective 
to further analyze such data sets with powerful multi- 
variate parametric response surface approaches, such as 
described in Section V.L. 

The paper that introduced the method of Prichard and 
Shipman (1990) also provided an extensive review of 
other older rival approaches. There were many confus- 
ing arguments included in this review, and because it 
may have had a large impact on workers in the antiviral 
chemotherapy field, and many of their arguments are at 
odds with our own views, some of Prichard and Ship- 
man's (1990) assertions will be disputed: 

(a) they claim that Chou and Talala/s (1984) mutu- 
ally exclusive model is not equivalent to the Loewe ad- 
ditivity model. As shown in discussions of figures 7 and 
8, and elsewhere in our review, they are indeed equiva- 
lent. Prichard and Shipman's (1990) assertion was based 
upon the unreasonable assumption of linear single agent 



concentration-effect curves, rather than sigraoidal 
curves following the Hill equation, Eq. 1. 

(6) they claim that Loewe additivity is equivalent to 
fractional effect addition, Eq. 17, and to Steel and Peck- 
ham's (1979) Mode II model. All three models are differ- 
ent, as discussed in Section IV of our review. The cryptic 
paper of Loewe (1953) may be responsible for this con- 
fusion. 

(c) they imply that Chou and Talalay's (1984) mutu- 
ally nonexclusive model is, in general, equivalent to 
Bliss independence (Webb's 1963 model). This was 
shown not to be true in Appendix A and not to be true 
originally by Chou and Talalay (1984). Prichard and 
Shipman (1990) only examine the case of a first order 
system, an exceptional case in which the models are 
equivalent, as first demonstrated by Chou and Talalay 
(1984). 

(d) Prichard and Shipman (1992) assert that the 
methods proposed by Suhnel (1990) and Greco et al. 
(1990) are not quantitative and that the method of 
Prichard and Shipman (1990) is "uniquely suited as it is 
the only one that quantitates statistically significant 
interactions." As we hope we demonstrated in our re- 
view, their conclusion is overstated. 

K. Nonparametric Response Surface Approaches 

There are many response surface approaches avail- 
able that do not require an a priori assumption of a 
specific functional form containing estimable parame- 
ters. The method of Prichard and Shipman (1990) is a 
particularly simple nonparametric technique, which 
connects data points with straight lines. More sophisti- 
cated nonparametric approaches that have been applied 
to concentration-effect data include: kernel estimation 
(Staniswalis, 1989), spline-based procedures for mono- 
tone curve smoothing (Kelly and Rice, 1990), and a more 
traditional spline-based procedure introduced by Suhnel 
(1990) and later applied by Baumgart et al. (1991). 

Laska et al. (1994) published an approach to detect 
Loewe synergism or Loewe antgonism, which uses some 
geometrical principles derived from Loewe additivity re- 
sponse surfaces, but which does not require assumptions 
regarding the specific functional form of the individual 
dose-response curves or the combined-action surface. 
Thus, the approach uses a nonparametric structural 
model. The random model used to describe data varia- 
tion can be either parametric or nonparametric. A min- 
imum of only three design points are needed to apply 
this method; it should be classified as an hypothesis- 
testing rather a response surface approach. 

Only the traditional spline-based response surface ap- 
proach will be reviewed here. 

L Bivariate spline fitting (Suhnel, 1990), Essentially, 
Suhnel (1990) proposed to fit data from combination 
experiments with bivariate splines, without and with 
smoothing, and then to display the resulting 3-D surface 
and contours at various levels of the surface. Bivariate 
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splines are sets of piecewise polynomials running in two 
dimensions that flexibly follow the points of a surface. 
The raw data from the common data set is shown in 
figure 21(A) with a bivariate spline (Harder and Des- 
mans, 1972; Meinguet, 1979), with no smoothing, fit to 
the data with the procedure, G3GRID from the SAS 
statistical package (SAS Institute, 1987). Figure 2KB) 
shows contours drawn from the raw data at 10% effect 
intervals (from 90% to 0% Control, from left to right), 
using the SAS procedure, GCONTOUR, using an algo- 
rithm from Snyder (1978). Siihnel emphasizes that the 
shape of the contours can be interpreted directly without 
the need of fitting a parametric function to the data. A 
straight diagonal NW-SE isobol would be consistent 
with Loewe additivity. Because the isobols in figure 
21(B) are mostly slightly bowed downward, the conclu- 
sion is slight Loewe synergism. The approach is a more 
sophisticated version of the Prichard and Shipman 
(1990) approach, but with the null reference model being 
Loewe additivity, not Bliss independence. The Suhnel 
(1990) approach shares many of the advantages and 
disadvantages of the Prichard and Shipman (1990) ap- 
proach. 



The main advantages include: 

(a) Loewe additivity is the null reference model. 

(b) the approach is very flexible and does not require a 
parametric model for either the single agent concentra- 
tion-effect curves, or for combined-action. Mosaics of 
interspersed regions of varying degrees of both Loewe 
synergism and Bliss antagonism are easily accommo- 
dated. Suhnel (1992a, 1992b) considers this character- 
istic so important that he has questioned the routine use 
of 3-D combined-action models, such as Eq. 5, which 
include only a single interaction parameter. 

The disadvantages include: 

(a) like many nonparametric response surface ap- 
proaches, the required experimental design must in- 
clude a large number of regularly dispersed points. 

(b) the approach is essentially only an exploratory 
approach. 

(c) no summary measures of interaction intensity or 
conclusion uncertainty are provided. 

(d) the approach is more complex to implement and to 
use than the Prichard and Shipman (1990) approach. 

(e) the potential user is required to find his own soft- 
ware implementation of the approach. 



A B 




[ Drug 1 ] 

Fig. 21. Analysis of data from table 3, columns 2 through 4 by a nonparametric approach interpreted from Suhnel (1990). (A) The surface 
is a fit of the data with a bivariate spline (Harder and Desmarais, 1972; Meinguet, 1979), no smoothing, with the procedure, G3GRID, from 
SAS (SAS Institute, 1987). All 38 data points, whether they fall above or below the surface, are shown as solid circles. (B) Contours drawn 
from the raw data at 10% effect intervals (from 90% to 0%Control, from left to right), using the SAS procedure, GCONTOUR, using an 
algorithm from Snyder (1978). The general shape of the contours is in the direction of Loewe synergism. 
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L. Parametric Response Surface Approaches 

In many senses, parametric response surface ap- 
proaches are the most complex and difficult to apply to 
the problem of the joint action of agents. They may 
require the scientist-user to be facile with terminology 
and concepts that were not part of his formal education, 
may require the consultative advice of a statistician or 
other quantitative professional, and will require com- 
puting facilities and expertise. However, in a broader 
sense, these approaches may be the simplest of all of the 
methods discussed so far. In general, to apply the ap- 
proaches, (a) logical models are fit to data with auto- 
mated computer programs, (6) parameter estimates, 
other statistics, and graphs (3-D and 2-D) are generated 
and interpreted, (c) conclusions are made. 

1. Models of Greco et al. (1990). Eq. 5 and close vari- 
ants have been successfully applied to laboratory data 
from several studies (e.g.. Greco et al., 1990; Gaumont 
et al., 1992; Greco and Dembinski, 1992; Greco and 
Rustum, 1992; Guimaraes et al., 1994). Eq. 5 was fit to 
the common data set with nonlinear regression, 
weighted by the reciprocal of the square of the predicted 
effect [Metzler (1981) provides a good description of 
nonlinear regression intended for biomedical scientists.] 
The Nash (1979) version of the Marquardt (1963) algo- 
rithm for nonlinear regression was coded by our group in 
MicroSoft FORTRAN, and run on MSDOS-compatible 
microcomputers. 

The six best-fit parameter estimates (± standard 
error) were: Econ = 95.1 ± 4.5; IC 501 = 11.1 ± 1.3; 
IC 50 2 = 1.07 ± 0.068; m 1 = -1.05 ± 0.078; m 2 = -2.04 ± 
0.080; a = 0.519 ± 0.11. The 95% confidence intervals 
for each parameter can be calculated by multiplying 
each standard error by the appropriate value of the 
Student's t-test distribution and then adding and sub- 
tracting this value from the parameter estimate. The 
appropriate value of the t a025 distribution for two-sided 
95% confidence intervals and 32 degrees of freedom (38 
data points, 6 parameters) is 2.04. The 95% confidence 
intervals were: Econ, 86.0 to 104; /C 5(U , 8.40 to 13.9; 
^50,2, 0.934 to 1.21; m lf -1.21 to -0.892; m 2 , -2.20 to 
-1.88; a, 0.300 to 0.738. None of the 95% confidence 
intervals encompass zero; all of the parameters were 
well estimated. This is a positive indication of the model 
fitting the data well. 

The raw data and best fit 3-D curve are shown in 
figure 22(A). A 2-D representation of the same concen- 
tration-effect surface is shown in the isobologram of 
figure 23, which was formed by the intersection of the 
surface with planes at 10, 50, 90, and 99% inhibition. 
Figure 24 includes concentration-effect curves (logarith- 
mic concentration scales) for drug 1 at different drug 2 
concentrations (left panel) and for drug 2 at different 
drug 1 concentrations (right panel). The curves are sim- 
ulations of Eq. 5 with the best-fit estimated parameters. 
The curves are intersections of the surface shown in 



A B 




Fig. 22. 3-D concentration-effect surfaces estimated from the 
best fit of four different models, with weighted nonlinear regression 
as described in the text, to the data from table 3, columns 2 through 
4. Both fitted and raw data are expressed as a percentage of the 
estimated Econ parameter. Solid points are above the surface; open 
points fall below the surface. (A) Eq. 5; CB) Eq. 28; (O Eq. 29; CD) 
Eq. 29. 

figure 22(A) with vertical planes at the concentrations of 
drug 2 and drug 1 listed in the figure. These curves, 
along with the actual data points, provide a visual anal- 
ysis of the goodness of fit. Note the differences between 
the set of best-fit simulated curves in figure 24 and the 
analogous hand-drawn curves in figure 13. Figure 25 
shows concentration-effect curves simulated with the 
best-fit parameters for drug 1, drug 2, a 10:1 mixture of 
drug 1 to drug 2, and a 10:1 mixture with the assump- 
tion of Loewe additivity (a = 0). This 2-D representation 
of the full 3-D surface in figure 22(A) provides a visual 
assessment of the magnitude of the shift of the concen- 
tration-effect curves, because of Loewe synergism, for 
fixed ratio mixtures. The ICqq value for the 10:1 mixture 
of the Loewe synergistic combination was 1.015-fold 
(5.45/5.37) lower than the expected value for the Loewe 
additive combination. This is close to the ratio of 1.012- 
fold (5.00/4.94) for ideal data containing no error. It is 
apparent that an a value of 0.5 leads to only subtle shifts 
in mixture concentration-effect curves. Because the a 
estimate is positive and the 95% confidence interval, 
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Fig. 23. Families of 2-D isobols for the best fit of Eq. 5 to the data 
from table 3, columns 2 through 4. The set of contours is a 2-D 
representation of the 3-D response surface in figure 22, panel (A). 
Note that the X- and Y-axes are the concentrations of each drug 
transformed by division by the appropriate value of the dose (or 
concentration) of drug that inhibits survival by X% iO x ). The num- 
bers on the isobols indicate the % inhibitory level. 
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Fig. 25. Predicted 2-D concentration-effect curves for drug 1 
alone, drug 2 alone, and the combination of drug 1 and 2 in a fixed 
10:1 ratio for the best fit of Eq. 5 to the full data set from table 3, 
columns 2 through 4. The predicted Loewe additivity curve for the 
same combination at a fixed ratio of 10:1, simulated by setting a = 0, 
is also shown. The X-axis is the sum of concentrations of drug 1 and 
drug 2 (logarithmic scale). The raw data points are the same ones 
shown in figure 16. 
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FIG. 24. Families of 2-D concentration-effect curves for the best 
fit of Eq. 5 to the data from table 3, columns 2 through 4. This is 
another 2-D representation of the 3-D response surface in figure 22, 
panel (A). Note that drug concentrations are on logarithmic scales. 

0.300 to 0.738, does not encompass zero, a claim of small 
but significant synergism is made. 

As was stated previously several times in this paper, 
Eq. 5, our flagship model, is a model for combined- 
action, not the model. Eq. 5 has a questionable property: 
for negative values of the interaction parameter, a, the 
3-D concentration-effect surface has a saddle point and 
rises back to Econ at simultaneous high concentrations 
of both agents. This is illustrated in figure 26, a simu- 
lation of Eq. 5 with a = -1 (Loewe antagonism). Like the 
fit of second order polynomial models to data sets that 
show slight curvature, the fit of Eq. 5 to experimental 
data demonstrating Loewe antagonism may be valid for 
only a restricted region. The fit of Eq. 5 with negative a 



estimates to experimental data has been shown to be 
satisfactory (e.g., Greco and Dembinski, 1992). However, 
we have systematically searched for a logical model that 
would not rise up at mixtures of high agent concentra- 
tions. 

Such an experimental model is Eq. 28, whose general 
form was first suggested by Finney (1952) and later 
included in a list of plausible interaction models by 
Hewlett (1969). (Eq. 28 rises back toward Econ only at 
very high agent concentrations and large negative a 
values.) Eq. 28 is a specific example of the general Loewe 
combined-action model, Eq. 9. Eq. 28 differs from Eq. 5 
by having all of the right-hand expression, except for a, 
raised to the Vz power. For simulations of Eq. 28, the 
extent of bowing will be the same for isobols at different 
effect levels determined from plots of vs - 
IDx,v This is in contrast to the greater bowing of isobols 
at higher levels of inhibition for Eq. 5, as seen in figures 
4(E), 5(A), 8(C), and 23. 




Eq. 28 was fit to the common data set in the same way 
as described for Eq. 5. Figure 22(B) shows the best-fit 
3-D surface and the raw data points. The six estimated 
parameters were: Econ = 88.9 ± 5.5; JC 501 = 15.6 ± 2.2; 
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Fig. 26. Simulation of Eq. 5, with Econ = 100, IC^ = 10, 
IC^oz = 1, m! = -1, m 2 = -2, a = -1, an example of Loewe antago- 
nism. 



1C QOi2 = 1.27 ± 0.11; m 1 = -1.34 ± 0.11; m 2 = -2.28 ± 
0.13; a = 0.643 ± 0.18. As seen in Figure 22(B) and in 
other 2-D plots not shown, the goodness of fit was ade- 
quate. Because a was positive and its 95% confidence 
interval did not encompass zero (0.270 to 1.02), Loewe 
synergism is claimed. [Note however, that for some neg- 
ative values of a (from -1.414 to 0), the isobols simulated 
with Eq. 28 lie outside the limits of the graph of D^ID^ 
vs. D^ID^ shown in figure 5(A); i.e., they lie outside the 
unit square. This inadequacy of the general form of this 
model was first pointed out by Machado and Robinson 
(1994) and further explored by Khinkis and Greco (1994).] 

2. Models ofWeinstein et al. (1990). Eq. 29 was intro- 
duced by Weinstein et al (1990) and Bunow and Wein- 
stein (1990); a reparameterization has been used more 
recently (Kageyama et al. (1992). Eq. 29 is called the 
robust potentiation model. Loewe additivity is its null 
reference model. PC lt PC 2f are the concentrations of 
agents 1, 2 required to increase the apparent potency of 
the other drug by a factor of 2. The parameters, bp lf bp 2 , 
govern the slope of the potentiative eff ect of agents 1 and 
2, respectively. Loewe synergism, but not Loewe antag- 
onism, can be modeled with Eq. 29, because a negative 
PC parameter cannot be used with a corresponding non- 
integral bp parameter. Eq. 29 and several other models 
are integrated into the software package COMBO, 
which runs in the MLAB (Civilized Software Inc, 1991) 
environment on MSDOS-compatible microcomputers. 
We fit Eq. 29 to data with nonlinear regression with our 
FORTRAN program as described for Eqs. 5 and 28, with 
weights equal to the reciprocal of the square of the 
predicted response; we did not implement the interest- 
ing weighting scheme described by Bunow and Wein- 
stein (1990), a Gaussian kernel windowing technique 
based on estimated responses. 

We were unsuccessful in fitting the full nine-parame- 
ter model, Eq. 29 to the common data set. There was not 



enough information in the data set to allow the estima- 
tion of four separate interaction parameters, PC ly PC 2 , 
bp l9 and 6p 2 . However we were successful in fitting two 
different reduced seven-parameter models to the com- 
mon data set. Figure 22(C) shows the fit of Eq. 29, with 
the expression containing PC 1 and bp^ eliminated, and 
figure 22(D) shows the fit of Eq. 29, with the expression 
containing PC 2 and bp 2 eliminated. The need to use only 
one of the two pairs of interaction parameters was also 
reported by Weinstein et al. (1990). The estimated param- 
eters for the best fit shown in figure 22(C) were: Econ = 
95.3 ± 4.8; IC^ 1 = 11.0 ± 1.4; /C 50>2 = 1.02 ± 0.084; m 1 = 
-1.13 ± 0.077; m 2 = -1.94 ± 0.10; PC 2 = 1.65 ± 0.31; bp 2 = 
1.55 ± 0.21. The estimated parameters for the best fit 
shown in figure 22(D) were: Econ = 98.9 ± 4.5; ICqq 1 = 
9.49 ± 1.2; ICsoa = 0-947 ± 0.059; m x = -1.00 ± 0.064; 
m 2 = -1.92 :± 0.066; PC t = 44.8 ± 5.0; bp 1 = 1.18 ± 0.16. 
Because the fit was good for both reduced models, the 
interaction parameters, PC V PC 2 , were both positive, and 
their 95% confidence intervals did not encompass zero, the 
conclusion is Loewe synergism. 




There are many other parametric response surface mod- 
els that could be applied to the common data set. 
Hewlett (1969) provides a general framework for deriv- 
ing many specific, potentially useful, multivariate con- 
centration-effect combined-action models. More re- 
cently, Machado and Robinson (1994) have reviewed this 
set of combined-action models, plus the general forms of 
Eqs. 5, 29, and an original model, Eq. 30. Eq. 30 has a 
single interaction parameter, which is called -n. Unfor- 
tunately, like Eq.28, Eq. 30 has the disadvantage of 
having isobols lie outside the unit square of the graph of 
D ^ ID xa vs. DJlDy^ for values of 17 from -0° to -0.333 and 
from 1 to 00 (Khinkis and Greco, 1994). 




[30] 

_ r Pi p* t 

IC50 -\Econ-E) ICso -\Econ-E) . 

The response surface approaches have the following 
advantages: 

(a) they provide a quantitative measure of the inten- 
sity of interaction, along with a measure of its uncer- 
tainty. 
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(6) they reduce the full data set from an experiment to 
a smaller set of parameters, along with uncertainty es- 
timates. 

(c) they facilitate prediction of the response under new 
conditions. 

(d) they are appropriate for complex situations, such 
as three-, four-, and five-drug combinations. 

(e) they aid in experimental design, including the de- 
sign of complex experiments. Also, they tend to be tol- 
erant of a wide spectrum of designs. 

(f) they have the potential to explain, in intimate 
detail, all of the characteristics of a complex system, and 
thereby facilitate a deep understanding of the system. 

(g) they are objective (relatively), rigorous, and con- 
sistent with modern statistical theory. In addition to the 
brief statistical summary provided for the fits of Eq. 5, 28, 
and 29 to the common data set, there are other use- 
ful statistical diagnostics available, including overall good- 
ness of fit statistics, confidence envelopes around the fitted 
surface, and residual (functions of the difference between 
the actual and fitted data) analyses (e.g., McCullagh and 
Nelder 1989; Seber and Wild, 1989; Bates and Watts, 1988; 
Carter et al., 1986; Machado and Robinson, 1994). 

(A) parametric 3-D concentration-effect models may be 
used as the pharmacodynamic component of composite 
pharmacokinetic-pharmacodynamic models, to be used 
for the clinical study of the disposition and effect of drug 
combinations. 

(i) finally, as described in Section IE, response surface 
approaches are useful in explaining the similarities and 
differences among other rival approaches to the assess- 
ment of combined-action. 

The four panels of figure 22 look very similar. Prom 
the statistics provided for the fit of Eqs. 5, 28 and 29 to 
the common data set, it would be difficult to choose the 
best structural model. To a great extent, the exact form 
of combined-action models is arbitrary, and consider- 
ations other than the goodness of fit of a model to a 
specific data set, m ust be used to decide upon a modeling 
framework. These criteria include: 

(a) a model should allow the "slope" for each agent's 
individual concentration-effect curve to be different; this 
is allowed by Eqs. 5, 28, 29, 30. 

(b) it is desirable to allow each agent's individual 
concentration-effect curve to have a different functional 
form; however, the need for such a model seldom arises. 

(c) the model should be one from a hierarchical set, 
which allows expansion and reduction of models by inclu- 
sion and deletion of expressions and parameters, in a log- 
ical, hierarchical manner. For example, a model might be 
expanded to accommodate more than two agents, or to 
describe simultaneous Loewe synergism and Loewe antag- 
onism in different regions of the concentration-effect sur- 
face, and reduced to describe an agent that increases the 
pharmacological effect of a second agent, but which has no 
effect by itself (synergism, see table 1). 



(d) the simulation of the model should present no 
unsolvable numerical problems. For example, Eqs. 5, 
28-30 all require appropriate one-dimensional root find- 
ers (e.g., Thisted, 1988), but these are easily pro- 
grammed, and have been found to be reliable. 

(e) if normalized isobols [e.g., fig. 8(C)] for typical data 
increase in bowing at higher levels of inhibition, then 
this characteristic should be intrinsic to the model. 

(/*) a model should have the fewest parameters possi- 
ble to adequately describe combined-action data. 

(g) it is desirable for the parameters to have some geo- 
metrical meaning; i.e., upon hearing of the values of a 
model's parameters, an experienced researcher should be 
able to mentally picture 2-D and 3-D concentration-effect 
curves. This would be true for Eqs. 5 and 28 through 30. 

(h) it is desirable for the model to follow the correct 
course, even in regions for which there is no data. In 
other words, cautious extrapolation should be possible. 

(i) the modeling paradigm should allow the combining 
of a 3-D concentration-effect structural model, such as 
Eqs. 5 and 28 through 30, with an appropriate random 
model, for fitting data with modern statistical ap- 
proaches, such as maximum likelihood estimation. 

(j) in general, the structural model should closely 
follow the overall average data, without following ran- 
dom fluctuations. 

(k) the isobols for the model should lie within the unit 
square of the graph of D^ID^ vs. 2?i/ZZ*x,i for all values 
of the interaction parameters). This last criteria is not 
met by Eqs. 28 and 30. 

A critical area of future research will be the deriva- 
tion, collection, and comparison of rival multivariate 
parametric concentration-effect combined-action mod- 
els. A comprehensive critical comparison of rival models 
(e.g., Eqs. 5 and 28 through 30) is beyond the scope of 
this review. Machado and Robinson (1994) present one 
of the first such critical reviews; our group is also cur- 
rently working in this area (Khinkis and Greco, 1994). 
Although the field of response surface modeling of agent 
interactions has old roots (e.g., Finney, 1952), only in 
recent years has the availability of computer hardware 
and software made it into a practical, universally impor- 
tant discipline. 

The disadvantages of fitting 3-D parametric concen- 
tration-effect models to data include: 

(a) there are an infinite number of plausible paramet- 
ric models; it may be difficult to choose among rival 
models. Different rival models may lead to different 
conclusions. The parametric modeling paradigm is still 
evolving; an analysis of data with a current model might 
be proven to be suboptimal at a later time. 

{b) the proper fitting of these models to data requires 
statistical and computing expertise and adequate com- 
puter hardware and software. However, the acquisition 
of these skills and tools is increasing among laboratory 
scientists, and, in our view, is very cost-effective. In 
addition, as an alternate solution, both initial and long- 
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term collaborations between laboratory and quantita- 
tive scientists can be very Loewe synergistic. 

(c) the links between empirical models of combined- 
action, such as Eqs. 5 and 28 through 30, and theoretical 
mechanistic models of molecular, biochemical, and phys- 
iological systems have not been systematically made. In 
other words, after one makes a rigorous claim of, let's 
say, Loewe synergism, it is in no way obvious what this 
implies regarding the mechanistic interaction of two 
agents. Some work has been done in this field (e.g., 
Werkheiser et al., 1973; Jackson, 1980, 1984, 1991, 
1992, 1993; Bravo et al, 1992). However, this critical 
research area is in its infancy. 

VI. Comparison of Rival Approaches for Discrete 
Success/Failure Data 

This section will discuss approaches to the assessment 
of the combined-action of agents, in which the measured 
or observed response is binary (quantal); i.e., it is suc- 
cess or failure, yes or no, dead or alive, on or off, 0 or 1. 
The data is often grouped by treatment and is expressed 
as a proportion of successes; e.g., five successes of eight 
trials, or 0.625. Most of the material in this section is 
from Greco (1989). A random model that describes the 
statistical variation in success/failure data is the Ber- 
noulli distribution, and one that describes the variation 
in proportion data is the binomial distribution (Larson, 
1982). Figure 3 showed a concentration-effect structural 
curve with binomial variation about one point on the 
curve. A formula for the binomial model is Eq. 31, in 
which n is the number of attempts in a binomial trial, k 
is the number of successes, Y is the proportion of suc- 
cesses (Y = k/n),y is a particular value of Y(y = 0, 1/n, 
2ln, . . . , 1), [l is the mean or expected value of Y, P(Y = 
y) i6 the probability that the general Y variable will 
equal the particular value y, and ( ) is the combination of 
n things taken ny at a time. [Note: Eq. 31 i3 different 
from but equivalent to the more common form of the 
binomial distribution equation (e.g., Larson, 1982) not 
shown here. We reparameterized the more common form 
into Eq. 31 to facilitate the combining of structural with 
random models.] Because the overall mean or expected 
value of Y is merely the value of the structural model, 
structural models for success/failure concentration- 
effect phenomena can be generated by simply substitut- 
ing p. for E in any of the structural concentration-effect 
models previously described in this paper for continuous 
data. For example, the Hill model can be expressed as 
Eq. 32, and our flagship combined-action model can be 
expressed as Eq. 33. Note that the Econ parameter has 
been constrained to be the constant, 1, in Eqs. 32 and 33. 
In order to make a composite structural-random model 
for data fitting, the structural expression for y. is in- 
serted into the binomial model, Eq. 31, either directly or 



indirectly with a numerical procedure. 
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Rival approaches for the assessment of combined-action 
when the response is quantal (proportions of success/ 
failure) will be compared in a manner similar to the 
comparison in Section V of rival approaches for com- 
bined-action when the response is a continuous mea- 
sure. A simulated data set for a pair of inhibitory drugs, 
listed in table 4, was generated by first calculating 
li with Eq. 33 with parameters, IC 5Q1 = 10, IC S0 2 = 1, 
m 1 = -1, m 2 = -2, a = 1; and then entering fL, along with 
n into a binomial random number generator from the 
Statgraphics Software Package (STSC Inc., 1988). This 
data set will be analyzed with three different ap- 
proaches, the approach of Gessner (1974), the fitting of 
the parametric response surface model, Eq. 33 (Greco 
and Lawrence, 1988) to the full data set, and the fitting 
of the multivariate linear logistic model (Cox, 1970), Eq. 
34, to the full data set (e.g., Carter et al., 1983, 1988; 
Brunden et al., 1988). 



exp(ft) + foZ?! + fcP 2 + 3 12 P*D 2 ) 
1 4- cxp(ft) + ftjDj + foD 2 + PiaDiA*) 



[34] 



Many of the methods for analyzing continuous com- 
bined-action data, described in Section V, could be used, 
and have been previously used, for analyzing proportion 
data. If one merely calculates the proportions of survi- 
vors from table 4 as decimal numbers and then treats 
these numbers as continuous data, then methods E.l 
through E.ll could be directly applied without any ad- 
ditional complications. However, the variation pattern 
(probability distribution) of proportion data is funda- 
mentally different from that for typical continuous bio- 
logical data. For proportion data, usually the numbers of 
survivors and the total numbers of organisms undergo- 
ing a treatment is known without error. The variation in 
responses is usually caused by the fundamental nature 
of discrete binary responses; the variation is usually 
wider in the 7D 50 range of the concentration-effect curve 
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* The number of survivors in column 3 was generated by (a) 
calculating jj. with Eq. 33 with parameters, IC b01 ™ 10, 1C M 2 ~ It 
m l - -1, = -2, a - 1; then entering ^, along with n (the total 
number of organisms, equal to 100) into a binomial random number 
generator from the Statgraphics Software Package (STSC Inc., 
1986). 

and smaller near the two ends of the curve. Proportions 
above 1 and below 0 do not exist. In contrast, continuous 
biological data often follow bell-shaped normal distribu- 
tions, with larger variances associated with larger mea- 
surements (proportional error, constant coefficient of 
variation). Individual measurements (% control) both 
above 100% and below 0% often occur. Proportions will 
tend to become normally distributed as n becomes large, 
and as the true proportion tends away from the ends of 
the range, 0 and 1. Methods, E.l through E.ll, which 
ignore the true random component of the data, will only 
be, at best, approximately correct for binary data. How- 
ever, they can provide very useful preliminary explor- 
atory procedures. Nonetheless, only approaches that 
fully exploit the binary nature of the data will be com- 
pared in this section. 

Much of the early work on the problem of combined- 
action of agents was focused on biological systems with 
quantal responses (e.g., Bliss, 1939; Finney, 1952, 1971; 
Hewlett and Plackett, 1959, 1979; Hewlett, 1969; Plack- 



ett and Hewlett, 1948, 1952, 1967). (It seems that sys- 
tems with quantal responses were of more interest to 
statisticians, whereas systems with continuous re- 
sponses have been of more interest to pharmacologists.) 
Specific approaches and models of these pioneers in the 
field of combined-action assessment will not be reviewed 
in this paper. However, many of their concepts, ap- 
proaches and models form the basis of the three ap- 
proaches that will be compared. 

A Approach ofGessner (1974) 

Our interpretation of the method of Gessner (1974) 
first consists of fitting appropriate single agent models 
to the data for agent 1 alone, agent 2 alone, and fixed 
ratios of D^JD^. Gessner (1974) recommends the probit 
model (e.g., Finney, 1952), Eq. 35, for this purpose; how- 
ever, we also explored the use of the univariate linear 
logistic model with ln{D) as the input, Eq. 36, and the 
univariate linear logistic model with D as the input, Eq. 
37. Note that Eq. 32 and 36 are different parameteriza- 
tions of the same fundamental model, in which 0 O = 
-m\n(Dm) and 0x = m. These three models were fit to the 
data for drug 1 alone, drug 2 alone, and the 10:1 mixture 
from table 4, with maximum likelihood estimation via 
nonlinear least squares (Jennrich and Moore, 1975), 
with the software package, PCNONLIN (Statistical 
Consultants, Inc., 1986), on an MSDOS-compatible mi- 
crocomputer. The best fit of Eq. 32, and the equivalent 
model, Eq. 36, to the three sets of data points from the 
common 30-point data set, is shown in figure 27(A). The 
best fits of Eqs. 35 and 37 are shown in figures 27(B) and 
27(C), respectively. The fits look good for Eqs. 32, 36, 
and 35, but not for Eq. 37. The parameter estimates ± 
standard errors for the fits of these four models were: 
(for Eq. 32, drug 1, Dm = 10.7 ± 0.99, m = -0.982 ± 
0.060; drug 2, Dm = 0.895 ± 0.056, m = -1.99 ± 0.14; 
drug 1+2, Dm = 4.36 ± 0.30, m = -1.59 ± 0.10). (For Eq. 
36, drug 1, 0 O = 2.33 ± 0.16, 0 X = -0.982 ± 0.060; drug 
2, J3 0 = -0.220 ± 0.13, 0 X = -1.99 ± 0.14; drug 1+2, 0 O = 
2.34 ± 0.19, 0 X = -1.59 ± 0.10). (For Eq. 35, drug 1, 0 O = 
6.36 ± 0.084, 0 a = -1.32 ± 0.072; drug 2, 0 O = 4.90 ± 
0.072, 0 X = -2.72 ± 0.17; drug 1+2, ft, = 6.35 ± 0.10, 
0 X = -2.12 ± 0.12). (For Eq. 37, drug 1, 0 O = 1.61 ± 0.10, 
0 X = -0.0577 ± 0.0043; drug 2, 0 O = 2.55 ± 0.14, ft = 
-1.67 ± 0.13; drug 1+2, 0 O = 2.52 ± 0.16, 0 a = -0.403 ± 
0.032). None of the 95% confidence intervals for any of 
the parameters for any of the models encompassed zero. 

Probity) = 0o + 0tlog(D) [35] 

exp(0 o + 0!ln(Z>)) 

* l + exp(0 o +0 a ln(Z>)) 6J 

e*p(0o + 0iP) 

* l + exp(0 o + 0 1 D) 

The second stage of the method of Gessner (1974) is to 
plot the estimated Dm (ID 50 ) values, along with their 
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Fig. 27. Fitted curves of various models to the simulated data 
from table 4. See details in the text. 



95% confidence intervals, for drug 1 alone, drug 2 alone, 
and for the mixture, on isobolograms. Figure 28 shows 
the isobolograms for the fits of Eqs. 32, 35 and 36, which 
all coincide, and figure 29 shows the isobologram for the 
fit of Eq. 37. The dashed lines connecting the ends of the 
95% confidence intervals for the ID^s of drug 1 alone 
and drug 2 alone define a Loewe additivity region. Be- 
cause the 95% confidence interval for the 10:1 mixture of 
drug 1+2 intersects the Loewe additivity region, a con- 
clusion of Loewe additivity is made. In contrast, the 
isobologram replot for the fit of Eq. 37, figure 29, indi- 
cates Loewe synergism. Interestingly, the poor fit of Eq. 
37 to the data resulted in poor estimates of the ID 5 q8 for 
each drug alone, and this lead to the "correct" claim of 
Loewe synergism. The overall conclusion for the method 
of Gessner (1974), based upon the fits of Eqs. 32, 35 or 
36, and the isobologram replot in figure 23, is Loewe 
additivity. 




0 2 4 6 8 10 12 14 

[Drug 1] 

Fig. 28. Further isobolographic analysis of data from figure 27, 
panels CA), (B), using an interpretation of the approach of Gessner 
(1974). 




0 4 8 12 16 20 24 28 32 

[Drug 1] 

FlG. 29. Further isobolographic analysis of data from figure 27, 
panel (C), using an interpretation of the approach of Gessner (1974). 



It is also clear that the linear logistic model without 
the logarithmic transformation of the dose, Eq. 37, does 
not seem to have the ideal shape for typical concentra- 
tion-effect data. It seems to miss points near 100% sur- 
vival, and misses points for concentration-effect curves 
with relatively shallow slopes (around m = -1). 

The advantages of the method of Gessner (1974) in- 
clude: 

(a) the underlying null reference model is Loewe ad- 
ditivity. 

(6) the approach takes into account in an appropriate 
manner, the binomial variation of proportion data. 

(c) the approach allows the slopes of the individual 
concentration-effect curves to be different. 



■Material may be protected by copyright law (Title 17, U.S. Code] 



SEARCH FOR SYNERGY 



371 



(d) the derivation and application of complex full com- 
bined-action models are not necessary. 

(e the isobologram replot is visual and intuitive. 

(/) uncertainty measures, the 95% confidence inter- 
vals about the ID^, are included in the analysis. 

(g) the approach can accommodate interspersed re- 
gions of Loewe synergism and antagonism. 

(h) the general concepts of estimating ID 50 s, along 
with 95% confidence intervals, and making a replot 
isobologram, are very general, and could be applied to 
continuous data. 

(i) the approach is relatively easy to implement with 
standard software. 

(j) the approach is an excellent front-end for more 
advanced model-fitting approaches and may provide the 
best final analysis for complex situations in which the 
degree of Loewe synergism and Loewe antagonism var- 
ies across the 3-D concentration-effect surface. 

The disadvantages include: 

(a) the additivity region bounded by the dashed lines 
connecting the ends of the 95% confidence intervals of 
the individual agent /D 60 s was not created with a rigor- 
ous statistical derivation. The additivity region will tend 
to be too wide, too conservative, resulting in rejection of 
true Loewe synergism and Loewe antagonism too often. 
More realistic confidence bounds, based upon modern 
statistical theory, have been derived by Carter's group 
(Carter et al., 1986, 1988; Gennings et aL, 1990). 

(&) it is likely that the fitting of data for a fixed ratio of 
2)^2 by concentration-effect models appropriate for 
single agents, such as Eqs. 32, 35, or 36, will result in 
biases, similar to the problems described for fitting the 
median-effect model to fixed ratio data, described in 
Appendix B, and in figure 17. We predict that the misfits 
will become more severe as the difference in slope pa- 
rameters increases and as the intensity of interaction 
increases, as shown for the median-effect model, in fig- 
ure 17. However, we predict, as indicated for the medi- 
an-effect model in Appendix B, that the problems will 
tend to be minor if one focuses mainly on the ID^s. 

(c) maximum use is not made of the data, as compared 
with approaches centered on the fitting of full combined- 
action concentration-effect surfaces to all of the data 
simultaneously. 

(d) summary measures of the intensity of interaction, 
along with uncertainty measures, are not provided. 

An additional criticism — with which we take issue — 
leveled at the method of Gessner (1974) is that the 
approach does not adjust the 95% Loewe additivity re- 
gion to take into account the problem of making multiple 
comparisons of ZD 50 s from several separate fixed ratio 
concentration-effect curves (Carteret al., 1988). Carter's 
group argues: "The procedure described suffers from the 
same problem associated with making multiple [Stu- 
dent's] t-tests to compare the means of a number of 
treatment groups. In such cases, the probability of in- 
correctly rejecting the null hypothesis of equality of 



treatment means is inflated. Here, the null hypothesis is 
one of additivity. Hence, the probability of incorrectly 
rejecting additivity and thereby concluding synergism is 
inflated.* 

We respond to this criticism by pointing out that, 
when applying Gessner's (1974) approach to datasets 
with several fixed ratios of D^J)* the pattern of ID 50 
confidence intervals is taken into account; albeit, in an 
ad hoc manner, when making a conclusion. Each ID 50 
confidence interval is not meant to be interpreted in 
isolation. For example, if there were 10 different fixed 
ratios for our common data set, and if their ID m confi- 
dence intervals were plotted in figure 29, and if a ran- 
dom assortment of significant Loewe synergism and 
Loewe antagonism were demonstrated, one would con- 
clude either that the combined-action was very complex 
or that some errors were made in conducting the exper- 
iment. The experiment would probably be repeated. If 
only 1 of 10 fixed ratios showed significant Loewe syn- 
ergism, with no apparent trend in the ID 50 estimates, 
then the Loewe synergism would be considered sugges- 
tive at best, possibly a random artifact, and, if possible, 
the experiment would be repeated with larger sample 
sizes, especially in the region of suspected Loewe syner- 
gism. However, with the more probable result of consis- 
tent patterns of Loewe synergism or Loewe antagonism, 
(e.g., Gessner, 1988), the clusters of Loewe synergistic 
and/or Loewe antagonistic ID 50 intervals will reinforce 
each other, leading to a more conservative, not to a 
more liberal, conclusion. The use of improperly inflated 
P-values, and conversely, improperly deflated 95% con- 
fidence intervals, caused by the making of multiple sta- 
tistical comparisons, is certainly an important general 
problem in biostatistics (Miller, 1981). However, the 
problem is not relevant to the application of Gessner's 
approach when rationally applied to agent combination 
data. 

B. Parametric Response Surface Approaches 

Just as for continuous data, full 3-D combined-action 
concentration-effect models can be fit to proportion data, 
to assess the nature and intensity of agent interaction. 
The use of two different structural models will be dem- 
onstrated: our flagship combined-action model, Eq. 33, 
and the multivariate linear logistic model, Eq. 34. In 
principle, the general form of Eq. 28, Eq. 29 (Weinstein 
et al., 1990), Eq. 30 (Machado and Robinson, 1994), and 
any of the models reviewed by Hewlett (1969) could also 
be tried, but these are not included in this part of the 
review. 

1. Model of Greco and Lawrence (1988), Eq. 33 was fit 
to the full common data set in table 4 with maximum 
likelihood estimation in the same manner as described 
in Section VIA The best fit surface is shown as three 
curves in figure 27(E). The fitted surface hugs the raw 
data, with a random distribution of points about the 
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surface. The parameter estimates ± standard errors 
were: Dm 1 = 11.2 ± 0.99, m l = -0.995 ± 0.052, Dm 2 = 
0.905 ± 0.056, m 2 = .2.05 ± 0.14, a = 0.903 ± 0.46. The 
95% confidence interval for a was from 0.001 to 1.80. 
Therefore, Loewe synergism is claimed. 

2. Multivariate linear logistic model The use of the 
multivariate linear logistic model (Cox, 1970) is very 
popular in the analysis of clinical trial data and in Epi- 
demiology, in cases in which the response variable is 
binary (Hosmer and Lemeshow, 1989). It is the most 
popular response surface model that has been routinely 
applied to quanta! combined-action data (e.g., Carter et 
al., 1983, 1988; Brunden et al., 1988). Eq. 34, the mul- 
tivariate linear logistic model for two agents, includes 
one interaction parameter, /3 12 . When J3 12 is positive, 
Loewe synergism is indicated; when 0 12 is negative, 
Loewe antagonism is indicated, and when /3 12 is zero, 
Loewe additivity is indicated. Eq. 34 was fit to the com- 
mon data set in table 4 with the maximum likelihood 
approach described in Section VIA. The fitted surface is 
shown in figure 27(D). The parameter estimates were: 
ft, = 2.03 ± 0.071, ft = -0.0713 ± 0.0043, ft> = -1.54 ± 
0.11, ^2 = -0.0837 ± 0.025. Because the 95% confidence 
interval for j3 12 is from -0.133 to -0.0347, Loewe antag- 
onism might be concluded. However, the best fit of Eq. 
34 to the data, shown in figure 27(D), does not look very 
good. First, the surface misses the points near 100% 
survival. Second, because the linear logistic model con- 
strains agent 1 alone, agent 2 alone, and the 10:1 mix- 
ture all to have the same dose-effect slope (on a logarith- 
mic dose scale), the data points are not randomly 
scattered about the curves; the surface systematically 
misses most of the data. These two characteristics make 
the multivariate linear logistic model suboptimal for 
assessing the combined-action of agents in many sys- 
tems. 

This second problem with the use of the linear logistic 
model, the constraining of the slopes of the concentra- 
tion-effect curves, may have profound implications for 
the use of the multiple linear logistic model in other 
fields. Therefore, a cleaner, simpler example of the prob- 
lem, illustrated in figure 30, is presented here. The four 
curves, a, b, c and d for both panels, A and B, were 
simulated with the simple linear logistic model, Eq. 37. 
For curve a, /3 0 = 1.5, ft = -2.0; for curve b, 0 O = 3.0, 
ft = -2.0; for curve c, ft = 1.5, ft = -0.1; for curve d, 
ft = 3.0. ft = -0.1. In panel A, u. is plotted against agent 
dose on a common logarithmic scale; whereas, in panel 
B, the logit of is plotted against agent dose on a linear 
scale. For each of these curves, 45 points, indicated by 
symbols, were simulated, and then the points connected 
via the spline option in SigmaPlot 2.0 ( Jandel Scientific, 
1994). The combined data for curves b and c (n - 90) 
were assumed to represent the proportion of organisms 
remaining after treatment with agent 1 and agent 2, 
respectively. A sample size of 1000 was assumed for each 
of the 90 treatment groups. No binomial variation was 
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FiG. 30. Problems with use of logistic function for representing 
dose-response phenomena. 

introduced. This set of data was then fit with Eq. 38, a 
multiple linear logistic model with three estimable pa- 
rameters, 0o» ft, and 0 2 > Du t no ft 2 interaction param- 
eter, with the LR program in BMDP (Dixon et al., 1990). 
This model assumes a common 0 O term, a ft term for 
agent 1, and a ft term for agent 2. The best fit estimates 
(± standard error) were: 0 O = 1.93 ± 0.013; ft = -1.36 ± 
0.016; and ft = -0.122 ± 0.0015. These parameter esti- 
mates were then used to simulate curves e and fin both 
panels (A) and (B). 

expQp + faDi + foD 2 ) 

** l + exp(0 o +/3iA + /^2) 

Note that in panel (A), the two members of each curve 
pair, a and c, b and d 7 and e and f share the same shape: 
they are parallel; they have the same dose-effect slope 
(on a logarithmic dose scale). For example, at every 
effect level (except n = 1 and pt = 0), the dose for curve 
c is 20-fold higher than the corresponding dose on curve 
a (the ratio of their 7D 50 s). This is caused by the same ft 
term for each respective pair. The lateral separation of 
the curves for each pair is because of different ft terms. 
Because the ID 60 is equal to it is clear that a 

larger ft term will shift the concentration-effect curve to 
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the right, and a larger-in-magnitude ft term will shift 
the curve to the left. Note that in panel B, that curve 
pairs a and 6, and c and d consist of parallel lines. This 
is caused by the same ft terms for each respective pair. 
There are common y-intercepts for curve pairs a and c, b 
and d y and e and f, in panel B, but this cannot be visually 
detected on the scale with which the graph is drawn. 

When Eq. 38 is fit to the combined data from curves b 
and c, there are only three parameters available to rep- 
resent the information that was originally contained in 
four parameters, so compromises were necessary. Note 
that the estimated ftj for the combined data, 1.93, is a 
compromise between the /3q terms for the individual 
concentration-effect curves, 1.5 and 3.0. Also note that 
the concentration-effect slopes in panel (A) for curves e 
and f appear to be the same, but these curves are differ- 
ent from those of a and c, and of b and d. The estimated 
ft term for curve /*, -0.122, is somewhat different from 
the ft term of curve c, -0.1; the estimated ft term for 
curve e, -1.36, is somewhat different from the ft term of 
curve 6, -2.0. The ID^s for curves e and/, 1.42 and 15.8, 
respectively, are close to those of curves, 6 and c, 1.5 and 
15, respectively. Curves e and f seem to attempt to 
closely follow the data from curves b and c, but fail, 
because the information contained in four parameters 
cannot be expressed completely by three parameters. 

The advantages and disadvantages of fitting 3-D com- 
bined-action concentration-effect surfaces to proportion 
data are essentially the same as listed for continuous 
data. However, as seen with the experience of the mul- 
tivariate linear logistic model, one must be very careful 
about choosing an appropriate combined-action model. 

VTL Overall Conclusions on Rival Approaches 

Tables 5 and 6 summarize the characteristics of the 13 
rival approaches for assessing combined-action for con- 
tinuous data, and the three rival approaches for assess- 
ing combined-action for quantal data, respectively. In 
addition, they also provide a condensed summary of the 
conclusions of each analysis. For the originators of the 
13 approaches for continuous data, there is about an 
equal division between those who have Loewe additivity 
as their null reference model and those that have Bliss 
independence as their null reference model. Only the 
method of Steel and Peckham (1979) and the method of 
Chou and Talalay (1984) use additional models, Eq. 20 
and Eq. 18, respectively, as integral null reference mod- 
els for their approaches. 

With today's universal accessibility to powerful, inex- 
pensive computers with useful software, there is no good 
reason for an analysis of combined-action data to lack a 
graphical component. All of the methods that require 
graphics and advanced statistical procedures have ei- 
ther already been implemented into stand-alone soft- 
ware packages or are "easily" implemented with stan- 
dard general statistical and graphical software. 



At first glance, the conclusions of the authors of the 
13 different approaches seem to be quite varied. How- 
ever, the common continuous data set was simulated 
with Eq. 5 to contain a small degree of Loewe syner- 
gism (true a = 0.5), which corresponds in most regions 
of the 3-D concentration-effect surface to a small de- 
gree of Bliss antagonism. Methods 1, 2, 4, 5, 8, and 10 
through 12b yielded conclusions consistent with their 
respective "no interaction* reference models. This was 
also true for method 3, the method of Valeriote and 
Lin (1975), which further divides Bliss antagonism 
into three subcategories, including "subadditivity.* In 
addition, because the true combined-action was be- 
tween Loewe additivity and Bliss independence, ideal 
data would fall into the additivity envelope of method 
6, that of Steel and Peckham (1979), and thus the 
conclusion of "additivity" for this approach is also 
consistent. The Bliss independence surface approach 
failed to detect the small amount of Bliss antagonism. 
Of the 13 different approaches, only the method of 
Chou and Talalay (1984) gave a conclusion opposite to 
the one expected, based on its respective null refer- 
ence model(s). This is because of artifacts inherent in 
the calculation of the CI vs. fa plot. 

The three approaches to the analysis of combined- 
action for quantal data listed in table 6 all share Loewe 
additivity as the null reference model. The method of 
Gessner (1974) is somewhat conservative and just 
missed the correct conclusion of a small degree of Loewe 
synergism. Not surprisingly, our flagship model that 
was used in the simulation of the common proportion 
data set, table 4, fit the data well, but just barely de- 
tected the small degree of synergism (true a = 1), just 
above the noise level of the data. The multivariate linear 
logistic model arrived at the wrong conclusion, because 
it could not mold itself well to the data. 

VHL Experimental Design 

The main decisions that must be made regarding ex- 
perimental design are: (a) where to choose the concen- 
trations, (6) numbers of replicates, and (c) numbers of 
experiments. These seemingly simple questions have 
spawned many full careers for statisticians, who have 
delved deeply into them to reveal their inherent com- 
plexity. The adoption of a response surface paradigm for 
the assessment of combined-action of agents facilitates 
the understanding of formal statistical experimental de- 
sign. First, the experimenter must decide whether he is 
in an exploratory or a confirmatory mode. Screening 
experiments (exploratory mode) should first include, for 
each agent individually, agent concentrations that span 
the anticipated response region. Logarithmic spacing of 
the concentrations over a thousand-fold to a million-fold 
range is probably necessary, depending upon the previ- 
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TABLE 6 

Comparison of conclusions from the application to the same simulated data net (representative example of data from pure small synergism 
with binomial variation, Table 4), of three rival approaches for assessing the nature and intensity of agent combined-action 



Approach 



Null "no 
interaction" 



Software Graphical 



1. Method of (Gessner, 1974) LADD YS, YG Y 



2a. Parametric response surface LADD YG Y 

approach (Greco and Lawrence, 1988) 

2b. Parametric response surface LADD YS Y 

approach, multivariate logistic model 
(e.g.. Carter et al, 1988) 



Advanced" 
statistical 



reference model* avaUabiH * »PP™**? a p proa ch 



Long conclusion 



Short 
conclusion 



N Loewe additivity is claimed, LADD 
but with a hint of small 
Loewe synergism. 

Y Small, borderline significant LSYN 

Loewe synergism (P < 0.05). 
a = 0.903 ± 0.46 

Y Significant Loewe antagonism LANT 

(P < 0.05). 



* The abbreviations used throughout Table 6 are the same as used in Table 5. 



cms knowledge of the researcher about the concen- 
tration-effect behavior of the compound. After the indi- 
vidual agent concentration-effect curves are well char- 
acterized, a combination experiment should be 
conducted that repeats the single agent data points and 
which includes a set of combination points. Either a full 
factorial (checkerboard) design as suggested by Prichard 
and Shipman (1990), or a single ray (fixed-ratio) design, 
or a multiple ray design, all with logarithmically spaced 
concentrations, might be appropriate. If a complex 3-D 
concentration-effect surface is anticipated, then the en- 
tire interesting region of agent 1 and agent 2 concentra- 
tions should be sampled, either with a checkerboard or 
multiple ray design. However, if a well behaved 3-D 
concentration-effect surface is anticipated, and the spe- 
cific combination being studied is only one of many can- 
didates being screened, then a single ray may be suffi- 
cient. Composite designs consisting of a checkerboard 
and some rays might also be used. Of course, if the 
intended data analysis approach is firmly tied to a par- 
ticular design, then that design will have to be used. 

After the researcher has completed the analysis of the 
first mixture experiment in exploratory mode, he/she 
may want to switch to confirmatory mode. The repeat of 
the combination experiment may use the same design as 
in the exploratory experiment, but probably the knowl- 
edge gained from the first run will help to refine the 
design for the second run. If a complex 3-D concentra- 
tion-effect surface was found in the exploratory experi- 
ment, then agent concentrations in the interesting re- 
gions of the surface should be accented in the 
confirmatory experiment. Increasing the numbers of 
replicates probably also will be necessary. If a simple 
3-D concentration-effect surface was found in the explor- 
atory experiment, i.e., one with pure Loewe synergism or 
Loewe antagonism, then a design that facilitates the 
estimation of parameters with the smallest variance 
might be appropriate. A single ray or a D-optimal design 
(Box and Lucas, 1959; Atkinson and Hunter, 1968; Sil- 
vey, 1980; Fedorov, 1972; Greco and Tung, 1991) might 
be indicated with many replicates. 



There are many lettered-optimality criteria for exper- 
imental design. Atkinson and Donev (1992) present a 
recent comprehensive review. The D-optimality crite- 
rion has become popular for biological applications (e.g., 
Bezeau and Endrenyi, 1986; Greco et aL, 1994). Reasons 
for its popularity include: (a) ease of application; (b) 
intuitiveness of its theoretical basis (For models nonlin- 
ear in the parameters, D-optimality minimizes the lin- 
ear approximation of the volume of the joint confidence 
region of the parameters); (c) transformation of model 
parameters does not alter designs (Fedorov, 1972). 

Interestingly, the number of design points in a D- 
optimal design is generally equal to the number of esti- 
mable parameters (Atkinson and Hunter, 1968). For 
example, if one assumes that Eq. 5, which contains 6 
parameters, will adequately describe the 3-D combined- 
action concentration-effect curve, then a D-optimal de- 
sign will include only six design points, with or without 
replicates. A description of our algorithms for calculat- 
ing D-optimal designs for agent combination studies is 
included in Greco and Tung (1991) and Greco et al. 
(1993). 

The D-optimal designs may, at first, seem to be very 
strange and potentially noninformative. For example, 
for the continuous common data set listed in table 2, 
which contains proportional error, the approximate D- 
optimal design based upon the ideal parameters (Econ = 
100, ZC 50>1 = 10, JC 60 , 2 = 1, m x = -1, m 2 - -2, a - 0.5) 
is (point 1, D x = 0, D 2 = 0; point 2, Dj = 1,000, D 2 = 0; 
point 3, D 1 = 95, D 2 = 0; point 4, D 1 = 0, D 2 = 1000; 
point 5, 2? 2 - 0, D 2 = 3.08, point 6, D x = 86.4, D 2 = 8.73). 
This D-optimal design is only approximate because the 
assumption of pure proportional error (constant coeffi- 
cient of variation) will drive many of the design points to 
unrealistic infinite concentrations (Bezeau and Endre- 
nyi, 1986). We have reduced unrealistically large con- 
centrations to 1000. Even with this adjustment, the 
D-optimal design still seems to be uninformative. (By 
visually plotting the six D-optimal design points in fig- 
ure 25, the reader will note that one point is at the very 
top of the concentration-effect surface and that the other 
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five are at the bottom! None of the points lie in the 
middle region of the surface.) However, we have con- 
ducted Monte-Carlo simulations to verify that this type 
of D-optimal design results in the smallest variance for 
the six model parameters when compared with factorial 
and ray designs (Greco et aL, 1994). We have also shown 
that the variance of the parameter estimates is approx- 
imately proportional to the reciprocal of the number of 
replicates. This type of frugal experimental design may 
have great potential for animal and human experiments, 
in which the experimental units are very dear. 

The point at which the Loewe additivity model and the 
combined-action model are furthest apart in the vertical 
direction may be an important design point; this point 
may offer the maximum potential for discriminating 
between the two models (Mannervick, 1982). From fig- 
ure 10(C), it was shown for our flagship model, with 
parameters (Econ = 100, IC^ = 1, IC 502 = 1, m 1 = -1, 
m 2 - -2, a = 5), that the largest vertical difference was 
near the point, (/C 601 , /C 50>2 ). In contrast, figure 9 indi- 
cates that the largest horizontal difference between 
Loewe additivity and our combined-action model is at 
infinite concentrations of both agents. This implies that 
a pair of very large concentrations may be useful These 
two design points, based upon maximum model differ- 
ences, may be added to other designs discussed above. 

Formal statistical experimental design often includes 
an interesting paradox: in order to design an experiment 
well, you have to know the final answer well. However, 
if you knew the final answer well, then you would not 
have to conduct the experiment. This paradox is solved 
with sequential experimentation; each experiment in a 
sequence provides better information for the planning of 
the subsequent experiment. 

DL General Proposed Paradigm 

Readers of this review may not be particularly happy 
at this point. They may have become enlightened on the 
subject of combined-action after following the discussion 
of the different 3-D and 2-D representations of this phe- 
nomena. They may have carefully read the descriptions 
of the application of 13 rival approaches for assessing 
combined-action for continuous data, and of 3 rival ap- 
proaches for quantal data. They may have digested and 
evaluated the long list of advantages and disadvantages 
of each approach. They may now have a greater appre- 
ciation of the similarities and differences among the 
rival approaches reviewed in this paper. Finally, they 
may have developed an understanding of the fundamen- 
tal importance of mathematical models in the descrip- 
tion and evaluation of complex systems. However, it is 
probably not at all clear how to actually proceed with the 
practical analysis of a data set from an experiment of 
combined-action. 

We recommend the following general approach. Be- 
fore the combined-action experiment is conducted, the 



concentration-effect curves for the individual agents 
should be characterized well. Data for a combination 
experiment can then be generated from either a factorial 
design, from a fixed-ratio (ray) design, from a D-optimal 
design, from a model discrimination design, or some 
combination of the four. The numbers and distribution of 
different rows and columns in the factorial design, the 
numbers and distributions of rays in the fixed-ratio de- 
sign, and the numbers of replicates, will depend upon 
the importance of the anticipated result, the cost of each 
experimental unit, and the degree of ignorance of the 
shape of the full 3-D concentration-effect surface. 

The overall best initial data analysis, which will work 
with almost any conceivable, reasonable design, should 
include a combination of approaches V.H., the method of 
Berenbaum (1985), and V.I., the Bliss independence re- 
sponse surface approach. First, a logical Loewe additiv- 
ity model should be fit, with an appropriate curve-fitting 
technique, to the data for agent 1 alone and agent 2 
alone. Nonlinear regression should be used to fit models 
to continuous data, and maximum likelihood procedures 
used to fit models to quantal data. The 3-D Loewe addi- 
tivity predicted surface should be shown in 3-D. Then 
sprinkle the raw data points on the same graph, and 
note the position of the points relative to the surface, 
such as was done in figure 18(A). Then construct the 
Bliss independence surface and sprinkle the raw data 
points, such as was done in figure 18(B). Combining 
Loewe additivity and Bliss independence surfaces on the 
same 3-D graph may be useful. Also, various 2-D repre- 
sentations of the 3-D surfaces, such as isobolograms, and 
families of 2-D concentration-effect curves, with accom- 
panying data points, may be useful. A confidence enve- 
lope, adapted from suggestions of Carter et al. (1986, 
1988), around the two surfaces might be used to discrim- 
inate between true departures from the null reference 
models and random variation. Note that our suggested 
approach has the flavor of the "additivity envelope" 
method of Steel and Peckham (1979), but the correct 
model for Loewe additivity is used to define one of the 
boundaries, instead of Eq. 20. Only in rare cases will it 
be difficult to find appropriate concentration-effect mod- 
els to fit the concentration-effect data for the individual 
agents. 

After this initial analysis, a decision should be made 
whether to derive and fit a full appropriate combined- 
action concentration-effect model to all of the experi- 
mental data simultaneously or to accept the initial anal- 
ysis as the final answer. In many cases, it will be fruitful 
to complete this last step. The final summary statistics 
should include uncertainty measures around the final 
parameter estimates, confidence envelopes around the 
fitted surface, overall goodness of fit statistics, residual 
analyses, and sets of 3-D and 2-D graphs. These sets of 
graphs may include the 3-D combined-action concentra- 
tion-effect surface along with the raw data, such as 
figure 22, 3-D difference plots such as figure 10, 3-D 
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combination index plots such as figure 9, 2-D isobolo- 
grams such as figure 23, 2-D families of concentration- 
effect curves, such as figures 24 and 25, plus any other 
informative graphical representations. Physical 3-D 
models of combined-action concentration-effect surfaces 
made with LEGO bricks (LEGO Systems Inc., Enfield, 
CT) (Greco, 1991) or other materials can accent impor- 
tant results. 

To the best of our knowledge, a software package 
dedicated exclusively to this whole composite approach 
does not as yet exist. However, many general nonlinear 
regression packages, which allow the coding of a one- 
dimensional root finder for dealing with models in un- 
closed form, and with accompanying graphics capabili- 
ties, could be used to implement this approach. Such 
packages available for microcomputers include: PC- 
NONLIN (Statistical Consultants Inc., 1986), SAS (SAS 
Institute Inc., 1987), MLAB (Civilized Software, Inc., 
1991), GAUSS (Aptech Systems Inc., 1991), and IMSL 
(IMSL, 1989). There are many more packages available 
for UNIX workstations, minicomputers, and mainframe 
computers with adequate capabilities to implement this 
full approach. Our group is currently developing an im- 
plementation of the full approach, which has been de- 
signed to work under the MicroSoft Windows operating 
system. 

Several critical areas for future research and develop- 
ment in the field of the assessment of combined-action 
were pointed out in this review article: 

(a) the relationship between empirical models of com- 
bined-action, and mechanistic theoretical models of bio- 
chemical and physiological systems should be explored. 

(6) a library of combined-action models should be de- 
rived, collected, evaluated, and critically compared. 

(c) the impact of using different experimental designs, 
especially D-optimal designs, should be evaluated, both 
from theoretical and practical perspectives. 

(d) user-friendly, inexpensive computer software 
should be developed to facilitate the paradigm of exper- 
imental design and data analysis approaches described 
above. 

X. Appendix A. Derivation of a Model for Two 
Mutually Nonexclusive Noncompetitive 
Inhibitors for a Second Order System 

A Motivation 

The concepts of Bliss independence and mutual non- 
exclusivity, at first glance, seem to be the same. Equiv- 
alent general forms for the classical Bliss independence 
model are Eqs. 11 and 14, in which fu l9 fu 2 , and fu 12 are 
the fractions of possible response for drug 1, drug 2, and 
the combination (e.g., % survival, %control) unaffected 
(Chou andTalalay, 1981, 1984), and fa ly fa 2 , and/b 12 are 
the fractions of possible response affected (e.g., % dead, 
% inhibition) [fd{= 1 - fit)]. For the common case in 
which each drug individually follows the Hill concentra- 



tion-effect model, Eq. 2, (equivalent to the median-effect 
equation of Chou and Talalay, Eq. 24) the appropriate 
specific Bliss independence model would be Eq. 12 (fu = 
E/Econl 
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However, the mutually nonexclusive model of Chou and 
Talalay (1981, 1984), Eq. 18, is not equivalent to the 
Bliss independence model, except under the restrictive 
condition that the slope parameter, m, is equal to 1 (or to 
-1 by our convention of monotonically decreasing concen- 
tration-effect curves). Eq. 19 is a specific nonlinear form 
of Eq. 18. (Note that Eq. 19 is equivalent to our flagship 
interaction model, Eq. 5, with m-, = /n 2 = m, and a = 1.) 
Chou and Talalay (1984) stressed this difference be- 
tween the Bliss independence model and their mutually 
nonexclusive model and concluded that the Bliss inde- 
pendence model is not appropriate for higher order sys- 
tems (m > 1). 
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We certainly agree that Eqs. 12 and 19 are not equiva- 
lent. It should be noted that the derivation of the mutu- 
ally nonexclusive model (Chou and Talalay, 1981) was 
for multiple mutually nonexclusive reversible inhibitors 
of a single enzyme, in which the slope parameter, m, is 
the integral number of binding sites on the enzyme for 
each inhibitor, yet the application of the model has been 
mainly to much more complex systems, such as cell 
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cultures and batches of whole organisms, in which the 
nonintegral slope parameter, m, is related to the width 
of the tolerance distribution of the sensitivities of the 
cells or organisms to the agent. It might be argued that 
the difference between Eqs. 12 and 19 is caused by their 
differences in origin. However, we will show below that 
the primary reason that Bliss independence and mutu- 
ally nonexclusivity are not equivalent is that the mutu- 
ally nonexclusive model of Chou and Talalay (1981) was 
not properly derived. 

B. Elements of the Derivation of the Mutually 
Nonexclusive Model for Higher Order Systems from 
Chou and Talalay (1981) 

To keep confusion to a minimum, we will use ft and fv 
for the fractional inhibition and fractional velocity, re- 
spectively, which are slightly different from the variable 
symbols included in Chou and Talalay (1981). Also, in- 
stead of using Chou and Talala/s exact general equa- 
tions for any number of enzyme inhibitors, we will list 
specific equations for sets of two inhibitors. We will 
designate Chou and Talalay*s equations with a CT pre- 
fix, and use the equation number from Chou and Talalay 
(1981). 

The key suspicious step in the derivation of the mu- 
tually nonexclusive model, Eq. CT22, appears on page 
211 of Chou and Talalay (1981). It is stated: 

Let us assume that m molecules of each of two mutu- 
ally nonexclusive inhibitors bind to one molecule of en- 
zyme. By analogy to Eqn (CT17) and addition of the term 
for nonexclusivity [Eqn(CT21)] we obtain: 
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It is our view that merely stating, "by analogy to 
Eqn(CT17) and addition of the term for nonexclusivity 
[EQN(CT21)] t we obtain:* does not constitute a convinc- 
ing derivation. Eq. CT17, or the equivalent, Eq. CT18, 
that for a mutually exclusive system was derived by 
combining Eq. CT11, the general equation for mutual 
exclusivity for multiple inhibitors in a first order system 
with Eq. CT12, the general median-effect or Hill equa- 



tion for inhibition of higher order kinetic systems by a 
single inhibitor. 
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which can be rewritten: 



fi>12 = 



1 + 



^50.1 ^50.2 



[CT11] 
[CT12] 
[CT17] 

[CT18] 



Even for the derivation of Eq. CT17, that for mutual 
exclusivity, it is not entirely apparent to us how to 
properly combine Eqs. CT11 and CT12. However, via 
two other derivations not provided here, one based on 
enzyme kinetics and another based on the ideas of Be- 
renbaum (1985) and provided in Appendix A of Greco et 
aL (1990), we verified that Eq. CT17, that for mutual 
exclusivity, is correct. 

Thus, the derivation of the mutually nonexclusive 
model for two enzyme inhibitors provided by Chou and 
Talalay (1981) is weak, incomplete, and suspicious. In 
order to settle the matter, we provide below a complete 
derivation for the case of two mutually nonexclusive, 
noncompetitive inhibitors of a single enzyme. We use the 
same restrictive assumption used by Chou and Talalay 
(1981) and also used in the derivation by Hill (1910) 
that, for each inhibitor, which has two identical binding 
sites on the enzyme, both of the two inhibitor molecules 
bind to the enzyme in one step. It should be emphasized 
that our goal is not to derive an alternate model for 
mutual nonexclusivity to be used by the biomedical com- 
munity but rather to show that the Chou and Talalay 
model was not derived correctly. We therefore provide 
this one counterexample, for two mutually nonexclusive, 
noncompetitive inhibitors, to refute the general model 
for mutual nonexclusivity of Chou and Talalay (1981). 

C. Assumptions of the Derivation of the Model for 
Mutual Nonexclusivity for Two Noncompetitive Higher 
Order inhibitors 

1. The enzyme (E) has one active site where one sub- 
strate molecule (S) may bind. 

2. In addition to the active site for the substrate, there 
are two binding sites for inhibitor 1 and two other bind- 
ing sites for inhibitor 2. Any occupation of an inhibitor 
site will prevent the substrate from being converted to 
product. 
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3. Both inhibitor 1 and 2 are noncompetitive with the 
substrate; 2 molecules of inhibitor 1 plus two molecules of 
inhibitor 2 may simultaneously bind to the enzyme, 
whether the substrate has occupied the active site or not. 

4. The affinity of inhibitor 1 for the enzyme, and the 
affinity of inhibitor 2 for the enzyme, is unaffected by 
occupation of the active site by the substrate; thus, we 
have classical or pure noncompetitive inhibition. 

5. The binding of inhibitor 1, Z lf to its binding sites 
does not influence the binding of inhibitor 2, J 2 , to its 
binding sites, and vice versa. 

6. When J x binds, two molecules bind at once; the same 
for J 2 . [This is the critical controversial Hill assumption, 
which was also made by Chou and Talalay (1981) in the 
derivation of the median effect equation for a single 
inhibitor.] In other words, the concentrations of enzyme 
species, E, ES, E/^, EIJ 2t EIJJJ^ ESIJ lt ES/^, 
ES/jV^s. exist; but EZ lf E/ 2 , ESI l9 ES/ 2 , EIJ* EIJ^ 
EIJJz, ES/jia, ESJi V 2 , ES/^/a are negligible and will 
be assumed to not exist 

D. Derivation 

1. The general rules for deriving enzyme kinetic rate 
equations from Segel (1975) are used. 

2. The enzyme velocity (u) rate equation is written in 
terms of the rate constant for the formation of product (k v ) 
and the enzyme-substrate complex concentration ([ES]): 



[Al] 



3. The left side of the velocity equation is divided by 
the concentration of total enzyme, [E t ], and the right 
side is divided by the equivalent sum of the concentra- 
tions of all non-negligible enzyme species: (Note: The 
denominators of Equations A2, A3 and A7 are too wide 
to fit easily into an equation in one column of a journal 
page. Therefore, each denominator has been defined by 
the terms, DENOMA2, DEN0MA3, DENOMA7, respec- 
tively): 

DEN0MA2 = [E] + [ES] + [E/,7,] + [E/jJJ + [E1JJM 
+ [ESIJJ - ESIJd + [ESWafJ 



[EJ "* DENOMA2 



[A2] 



4. Concentrations of each species are expressed in 
terms of [E]. The term for any given complex is composed 
of a numerator and a denominator. The numerator is the 
product of the concentrations of all ligands in the com- 
plex. The denominator is the product of all dissociation 
constants between the complex and free enzyme, E. 



Also, let the maximum enzyme velocity, Vmax = k p [EJ. 



DENOMA3 = 1 + 
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5. For a noncompetitive inhibitor, 7^, = Ki (Chou, 
1974). Therefore, all Kis are replaced with 7 50 s. In addi- 
tion, Eq. A3 is simplified to Eq. A4. 



v = 



Vmax[S/Ksy[l + S/Ks] 
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[A4] 



6. The fractional velocity, fv, is equal to the ratio of the 
inhibited velocity, Eq. A4, divided by the uninhibited 
velocity, equal to [Vmax S]/[Ks + SI After this operation 
and some simplification, Eq. A5 is the result. 



fi>=- 



1 + 



<50,1 



'50,2 



'50,1 



f 50,2 



[A5] 



Eq. A5 can be written in an equivalent form, Eq. A6. 



1 + 



[ 50,1 



1 + 



<50,2 



[A6] 



7. Note that Eq. A5 is not equivalent to the mutually 
nonexclusive model of Chou and Talalay (1981) for the 
case of second order inhibitors (m = 2). Rather, Eq. A5 
and its equivalent, Eq. A6 is exactly equivalent to the 
Bliss independence model, Eq. 11, for two second order 
inhibitors. Thus, a complete specific derivation for the 
case of two mutually nonexclusive, second order, non- 
competitive enzyme inhibitors, which follows the gen- 
eral but incomplete derivation provided by Chou and 
Talalay (1981), yields an equation inconsistent with 
their final model, Eq. CT22, but consistent with the 
Bliss independence model, Eq. 11. 

E. Possible Rationalization of the Mutually 
Nonexclusive Model of Chou and Talalay (1981) 

1. The expansion of the mutually nonexclusive model 
of Chou and Talalay (1981), Eq. CT22, for the case of 
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m = 2, yields Eq. A7. 



DEN0MA7 = 1 + 



'50,1 
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'50,1 
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f 50,l 
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l 50,l 



DEN0MA7 



r 50,2 



[A7] 



2. The difference between this expansion of the mutu- 
ally nonexclusive model of Chou and Talalay (1981), Eq. 
A7, and the mutually nonexclusive model derived above, 
Eq. A5, which is equivalent to Bliss independence, is the 
additional three right-hand terms in the denominator. 
These three terms imply the existence of six additional 
enzyme species— 2 E1 X I 2 , 2 EIJJ 29 2 EZ^, 2 ESI x I 2t 2 
ES/^a/g, and 2 ESZ^/g— that we initially assumed 
were negligible and did not exist. This stems from the 
key Hill assumption that when and if an inhibitor binds, 
either I x or J 2 , two molecules of that inhibitor bind at 
once. Possibly, one might be willing to get rid of this 
assumption, and replace it with a less restrictive as- 
sumption such as: 

EJ a , E/ 2 , ES/i, ES/ 2 are all negligible, but enzyme 
forms that contain at least two inhibitor molecules, pos- 
sibly a mixture of the two inhibitors, including EJ^, 
EIJJ* EIihh> ESZi/s, ESZiJ^, and ESIJ^ are not 
negligible. 

If so, then the mutually nonexclusive model of Chou 
and Talalay (1981) would have a firmer theoretical ba- 
sis. However, it is unlikely that an equation derived 
from a set of very unusual assumptions, for the rare case 
of two mutually nonexclusive higher order inhibitors of a 
single enzyme, would have general utility for modeling 
concentration-effect phenomena from a wide spectrum of 
complex agent interaction systems. 

XI. Appendix B: Problems with the Use of the 
Median Effect Plot and Combination Index 
Calculations to Assess Drug Interactions 

Both the inherent nonlinear nature of the median 
effect plot and the incorrect calculation of the combina- 
tion index (CI), for the case of mutual nonexclusivity, 
contribute to incorrect artifactual conclusions concern- 
ing synergism and antagonism, when applying the 
method of Chou and Talalay (1984) to real laboratory 
data. In addition, the median effect plot for drug combi- 
nation data for mutually exclusive drugs showing syn- 
ergism or antagonism will also be nonlinear. The extent, 
origins, and impact of these problems are illustrated by 
the simulation shown in figures Bl, B2, B3, in table Bl, 
and the following narrative. 




Ct05 Qi 02 CL5 I 2 5 10 20 50 
DRUG CONCENTRATION (LOG SCALE) 

Fig. Bl. Upper panel: Data points plotted from table Bl. 'Hie data 
points and the curves connecting the points were simulated using Eq. 
Bl, that for mutual nonexclusivity, with Dm^ = 10, Dm 2 = 1, m = 1, 
an&R — 10. The Y-axia is E/Emax or fu\ the X-axis is the sum of drug 

1 and drug 2 concentrations on a logarithmic scale. Lower panel: The 
three median-effect lines were made by separately fitting each of the 
three subsets of data with unweighted linear regression. The curved, 
dashed line is the median-effect curve for the combination of drug 1 + 

2 simulated from Eq. Bl. The rectangular boxes in each panel represent 
equivalent ranges of fractional effect The arrows on the side of the 
boxes indicate the direction of decreasing fa (increasing /u). 




fa 

Fig. B3. Mutually exclusive CI vs. fa plots for the data from table 
Bl and figure Bl. Curve A was generated in the exact way suggested by 
Chou and Talalay (1984) and included in the commercially available 
program (Chou and Chou, 1987); i.e., by estimating Dm lt m lt Dm 2t m 2 , 
Dm^ m ^ with unweighted linear regression as in the lower panel of 
figure Bl, and then plugging these values into Eq. 25 to calculate CI for 
a range of fa values. Curve B was generated by calculating Dm^ and 
m I2 with Eqs, B2 through B4, from the original (same as estimated) 
values, Dm 1 - 10, Dm Q = 1, m a = mj, ■ 1, and then plugging these 
values into Eq. 25. The box represents a range of fractional effects 
equivalent to the boxes in figure Bl, with the arrows of the box indi- 
cating the direction of decreasing fa. The open data points represent the 
eight combination points, each calculated with the CI formula for the 
mutually exclusive assumption for the raw data itself, Eq. 27. 

A Nonlinear Nature of the Median Effect Plot for 
Mutual Nonexclusivity., 

The median effect plot for mutually nonexclusive 
drugs is inherently nonlinear. This was shown originally 
by Chou and Talalay (1981) in figure 2 of their paper. 
Therefore, the estimation of Dm 12 and m 12 via simple 
linear regression can never be correct. The data points in 
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FlG. B2. Mutually nonexclusive CI vs. fa plots for the data from 
table Bl and figure Bi. Curve A was generated m the exact way 
suggested by Chou and Talalay (1984) and included in the commercially 
available program (Chou and Chou, 1987); i.e., by estimating Dm 1$ m ly 
Dm 2 , m 2 , Dm 12> with unweighted Encor regression as in the lower 
panel of figure Bl, and then plugging these values into Eq. 26 to 
calculate CI for a range of fa values. Curve B was generated by calcu- 
lating Dm^ and with Eqs. B2 through B4, from the original (same 
as estimated) values, Drn x ~ 10, Dm. A ~ 1, 1, and then 

plugging these values into Eq. 26. Curve C, CI = 1, was generated by 
calculating Dm vz and m , a with Eqs. B2 through B4, but then using Eq. 
B5 for the CI calculation. The box represents a range of fractional effects 
equivalent to the boxes in figure Bl, with the arrows of the box indi- 
cating the direction of decreasing fa. The open data points represent the 
eight combination points, each calculated with the CI formula for the 
mutually exclusive assumption for the raw data itself, Eq. 27. 



figure Bl and table Bl were simulated by using Eq. Bl, 
that for mutual nonexclusivity, and using Dm 1 = 10, 
Dm 2 = 1, m = 1, and R = 10. (Here, J? is the ratio of 
concentrations ofD,D 2 ). The data consists of 24 simu- 
lated data points, 8 for drug 1 alone, 8 for drug 2 alone, 
and 8 for the combination of drug 1+2 in a 10:1 constant 
ratio. Four significant figures were retained through all 
calculations to eliminate any appreciable errors in the 
simulated data. 



fan 


Vm 




/Wl2 







Urn 



Dm 1 Dm 2 Dm^Dm 2 



[Bl] 



In the upper panel of figure Bl, the three concentration- 
effect curves were simulated directly with Eq. Bl. The 
data points in figure Bl correspond to the 24 simulated 
points in table Bl. In the lower panel, the three median 
effect straight lines were made by separately fitting each 
of the three sets of data with unweighted linear regres- 
sion. The curved, dashed line is the nonlinear median 
effect curve for the combination of drug 1+2 simulated 
from Eq. Bl. The rectangular boxes in each panel rep- 
resent equivalent ranges of effect. The arrows on the 
sides of the boxes indicate the direction of decreasing fa 
(from fa = 0.091 to 0.017). The parameters estimated 
from the three linear regression lines were: Dm 1 = 10.0, 
m 1 = 1.00, Dm 2 = 1.00, m 2 = 1.00, Dm 12 = 4.04, m 12 = 
1.24. The correct Dm i2 calculated from Eq. B2 was 4.56. 
The correct m 12 calculated from Eqs. B3 and B4, which 
are /a-dependent, increased from 1.04 at fa = 0.01 to 
1.49 at fa = 0.99. (The derivations of Eqs. B2 through 



B4, for the restricted case of m 1 = m 2 - m, are not 
included here but can be requested from W. R. Greco.) 
Note the vertical dashed line in figure Bl, which shows 
the alignment of the true Dm 12 value. Also note the 
small displacement of the estimated Dm^ value from 
the true Dm^. It is the approximation of the varying 
m 12 by a constant m 12 estimated from the median effect 
linear regression, which is responsible for most of the 
mismatch between the true median effect nonlinear 
curve and the approximate straight line. (Note: The 
numerators of Equations B2 and B4 are too wide to fit 
easily into an equation in one column of a journal page. 
Therefore, each numerator has been defined by the 
terms NUMB2 and NUMB4, respectively): 



NUMB2= - 



RDm 2 + Dm l 



(1 + R)Dm 1 Dm 2 



1 



RDm 2 + Dm 1 



Dm u = 
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2R 



(1 +R¥Dm x Dm 2 



[B2] 
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where: 



NUMB4 = 



RDm 2 + Dm 1 



Dm l Dm 2 



' RDm 2 + Dm, \ 2 
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Figure B2 is a mutually nonexclusive CI vs. fa plot for 
the data in table Bl and figure Bl. Curve A in figure B2 
was calculated as suggested by Chou and Talalay (1984), 
from the three straight median effect lines in figure Bl, 
using the formula, Eq. 26, incorporated into the commer- 
cial software package, Dose-Effect Analysis with Micro- 
computers (Chou and Chou, 1987). The interested 
reader should be able to reproduce this curve by plug- 
ging the 24 data points listed in table Bl into the com- 
mercial software package. Like many real examples 
from the literature, the standard CI vs. fa plot, curve A, 
crosses the additivity, CI = 1 line. The conclusion from 
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TABLE Bl 

Simulated data for mutual nonexclusivity examination* 
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fa 


logt/ir 1 - i] 
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S. Incorrect Combination Index Calculations for the 
Mutually Nonexclusive Case 

Eq. 26, that suggested by Chou and Talalay (1984) 
and incorporated into the commercial software (Chou 
and Chou, 1987), is slightly wrong. This is shown by the 
difference between curve B in figure B2 and the CI = 1 
line. By using a rational trial-and-error strategy, we 
discovered the correct form of the CI vs. fa equation for 
the mutually nonexclusive case for the restricted case of 
m = m A = m 2 , Eq, B5 (Syracuse and Greco, 1986). An 
equivalent form of Eq. B5 has also been recently pub- 
lished by Lam et aL (1991). When Eq. B5 is used with 
the correct values of Dm^ and m 12 , curve C results, the 
correct CI = 1 line. 



clusivity, with Dm 1 - 10, Dm* - 1, m = 1, and R = 10. This is an 
ideal data set with no random errors added; any inexactness is 
caused by roundoff errors in the fourth significant figure. 



Curve A is appreciable antagonism at low fractional 
effects and appreciable synergism at high fractional ef- 
fects. However, the data in table Bl was simulated for 
pure, unadulterated, mutual nonexclusivity! The final 
CI vs. fa plot should be a straight, horizontal line at CI = 
1! Note the large box on the left-hand side of figure B2. 
This is the same box as was shown in figure Bl, upper 
and lower panel, for a range of concentration-effect, ex- 
cept that its height has been magnified in the CI vs. fa 
plot. Thus, the difference between the true nonlinear 
median effect curve, and the approximate median effect 
straight line, has been magnified in the CI vs. fa plot. 
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Curve B in figure B2 was generated with Eq. B5, but 
with the correct values for Dm l2 and m 12 as calculated 
from Eqs. B2 through B4. Curve B is closer to the target, 
CI ■ 1 line, but there remains a problem. 
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C Nonlinear Nature of the Median Effect Plot for 
Mutual Exclusivity with Interaction 

Because of the many problems inherent with assum- 
ing a mutually nonexclusive model, one might prefer to 
assume a mutually exclusive model for all experimental 
data, including cases in which a median effect analysis 
shows that m 1 = m 2 * m 12 . Combination plots gener- 
ated with Eq. 25, that for mutual exclusivity (Chou and 
Talalay, 1984), are presented in figure B3. 
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[25] 



Curve A is the CI calculated exactly as suggested by 
Chou and Talalay (1984), and is the result that one 
would find rosing the commercial software (Chou and 
Chou, 1987) with the data in table Bl. To generate curve 
A, Eq. 25 was used with the six parameter estimates 
derived from the three median effect lines of figure Bl. 
As with the mutually nonexclusive assumption, the mu- 
tually exclusive assumption still shows an initial incor- 
rect antagonism because of the incorrect linear extrap- 
olation of the inherently nonlinear median effect curve 
for the drug combination. Curve B was also generated 
with Eq. 25, but with the correct values for Dm^ (= 
4.56) and m 12 (1.04 to 1.49). Curve B does portray the 
correct situation; i.e., synergism along the entire range 
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of fa (with reference to the mutually exclusive model). 
However, because the method of Chou and Talalay 
(1984) does not include a reliable method to estimate 
Dm 12 and m 12 from the inherently nonlinear median 
effect plot for drug combinations, a useful CI vs. fa plot, 
such as curve B, is not readily generated. 
The eight open points in figure B3 (and in figure B2) are 
the eight combination data points from table Bl, directly 
plotted without the estimation of Dm 12 and m 12 . In- 
stead, the raw data were plugged into Eq. 27, which 
depends only on the individual drug parameters, Dm l9 
m v Dm 2t and rn 2 , to calculate C/. This approach has 
been discussed (Chou, 1991a), but to the best of our 
knowledge, is not as yet available in the commercial 
software (as of January, 1994X 
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1-fa 
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fa 
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[27] 
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